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AB3STR~ACT

At attempt is Lrade to relate the geometry of nominally flat

surfaces to their resistance to fluid flow. The experimental work was

carried out in an open-flume, 20 metres in length, 30 cm wide, and 30 cm

deep. The flow measurements were carried out over a range of free stream

velocities from 35 cm/sec to 85 cm/sec. Hot film anemometry using a

single sensor was used to measure the boundary layer velocity profile

development along a 2.4 metre section of the channel floor which provides

the base for the test surfaces. The velocity profiles are analysed to

determine the 'surface friction coefficient using the simplified momentum

integral equation as well as the logarithmic inner law approach.

The test surfaces, including a 4.8 metre long replica of a ship

hull surface, were examined using a number of surface measurement

instruments capable of recording surface wavelengths from microns to

metres. Surface profiles were recorded and digitised and the data

statistically analysed to give an overall characterisation of thte sur-

faces under investigation using both amplitude and spatial parameters.
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1. NTRODUCTION

The frictional resistance of a surface and its correlation to the

surface geometry is of interest to workers in a wide range of dis-

ciplines. Manufacturers of extruded materials, for example, are

interested in the flow of the material through the extrusion nozzle.

The shape and surface geometry of the nozzle will affect the subsequent

mechanical properties of the extruded product.

The flow around the relatively complex shape of a ship's hull is

dependent on both the form of the hull and on its surface finish.

Ideally, if surfaces could be made hydro- or aero-dynamically smooth

then the naval architect's job of designing a ship form with minimum

pressure drag and minimum shear drag would provide the optimum solution

in terms of power required to propel the vessel at set conditions.

The process of transforming the architect's idealised ship form

to the manufactured product superimposes a surface finish onto the ship

form. This practical surface finish, even when the ship is brand-new,

fails to satisfy the requirement of hydrodynamically smooth condition.

I

The study of the relationship between the surface finish and the

overall performance of the ship hull (see Appendix 1) has shown there

to be potentially very rewarding reductions in power consumption with

the introduction of quality control on surface finish.

This investigation sets out to correlate specific parameters of

surface finish to significant increases in the frictional drag for the

case of open-channel flow over nominally flat surfaces. The work is



specifically related to the problem of the frictional drag of ship hull

surfaces and the surfaces investigated include a 4.8 metre long replica

surface of part of a ship hull.

In an investigation of the viscous shear and pressure forces

resisting the motion of a ship hull it is important to know what the

enveloping fluid 'sees' of the hull surface. On a typical in-service

ship hull the external surface is made up of:

1. The roughness of the component sections of the hull surface -

pai' ted steel plates whose surface is made up of wavelengths from

microns to metres. The short wavelengths are made up from: (a) the

substrate surface finish; (b) the method of paint application; (c) the

physical properties of the paint; and (d) the paint composition. The

longer wavelengths are the waviness and errors of form of the hull

plates.

2. A spectrum of surface wavelengths produced from the fabri-

cation techniques used in constructing the hull surface. The short

wavelengths are made up of joints, bulges and dents. The longer

surface wavelengths, of up to hundreds of metres, make up the overall

shape or curvature of the hull and the errors of form of the hull

shape.

3. The smaller scale roughness, wavelengths from microns to

several metres, can be substantially altered by: (a) chemical and

mechanical damage; (b) the attachment of rigid marine growths such as

barnacles; (c) the attachment of compliant growths of slimes and weeds.

2



Thus, the surface of a typical ship hull comprises a large number

of surface features. Each of the surface features on the hull is bound

to effect both a viscous shear component and a pressure (form) component

to the frictional '-esistance of the surface.

The positioning of a surface feature on the hull will determine

its contribution to the total resistance of the hull surface, since

the outline shape of the hull will produce a variety of flow recimes

around the hull. Hence for a full analysis of the frictional resis-

tance of a ship hull surface a large selection of surface textures and

flow regimes must be examined and the interaction between the different

flow regimes and surfaces investigated.

The momentum balance of the flow provides the fundamental equa-

tions for the determination of the flow parameters whilst a statistical

analysis of the surface geometry is used to characterise the surface.

The existence of a logarithmic relationship for a region of the flow

near to a solid boundary can be used as an alternative means of

determining the flow parameters. WThilst the logarithmic 'law' (see

Appendix 2), in its simplest form, is valid for two dimensional flow

over hydrodynamically smooth surfaces, leading researchers have modi-

fied it to include surface roughness effects. Hence a number of

empirical equations have been formed with various roughness function

terms in an attempt to correlate surface frictional resistance with

specific roughness parameters such as mean apparent amplitude and root-

mean-square roughness. Although the basic logarithmic relationship

has been shown to exist using the principles of dynamical similarity

and other criteria the various off-shoot correlations have no real

theoretical basis and therefore their use in this investigation is

F3
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merely as a means of obtaining the surface friction coefficient by anJ

alternative method.
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2. TECHNIQU'ES FOR THE EVALUATION OF TIE FRICTIONAiL flRAG OF -

SURFACES

2.1 The choice of flow system

An appropriate method of investigating the relation between the

surface frictional resistance of a ship hull surface and its geometry

would be to take flow measurements around the hull of a ship whilst she

is in service and then correlate the resulting flow characteristics

with the corresponding surface parameters measured whilst the vessel is

in dry dock.

The practicalities of obtaining surface friction values around a

ship hull present economic and instrumentation problems.

A number of workers have carried out ship trials from which the

contribution the hull roughness makes to the hull's total drag has been

determined from an analysis of the ship's propulsion power requirements.

There is the inherent difficulty of separating the form (pressure-

based) drag from the roughness (viscous-based) drag. This stems from

the absence of flow measurements on hydrodynamically smooth hulls

(Granville 1956).

More economically viable drag measurements on scaled-down models

of ships suffer from the difficulties of the subsequent scaling-up of

the ship mocdel results to full-size. This involves checking the

ship-model correlation using full-scale ship trials (see Appendix 1).

Apart from the methods cf evaluating surface frictional resistance

-



from measurements of the energy required to propel the ship through the

viscous fluid, the frictional resistance can also be determined from

measurements of the velociry distLibution in the shear layer around the

moving ship. This can be done using rakes of probes set parallel to the

flow stream lines around the submerged hull. Again there are a number

of practical and economic difficulties to be overcome, and the derived

values of the local coefficient of surface friction r'eed to be treated

with caution.

Thus, the difficu3ties enco'u-.tered in measuring the surface

frictional resistance of relatively complex ship hull forms, led to

attention being directed towards the measurements of surface frictional

resistance on simpler forms such as on plates (Schcenherr 1932) and in

pipes (Nikuradse 1933). Relations were proposed for the correlation

between pipes and plate friction measurements by Prandtl and Von Rarman

and between plate and ship frictional resistance values.

These correlations made it possible to study the effect of roughness

found on ship hulls in a controlled laboratory environment. Thbus

neglecting the effect the shape of the ship hull has on the frictional

resistance, ship bull surfaes can be reproduced on plates and on the

inside of pipes and the frictional resistance determined. Thus the

problem of measuring the frictional resistance cf ship hull surfaces

has been reduced to one of measuring the frictional resitance of pipes

or of plates.

The removal of the long surface wavelengths when going from the

curved body of a ship to the parallel "low situation on a flat plate or

in a pipe assumes that these relatively long surface wavelengths, or

features, make no contribution to the frictional resistance of the

is



[ surface. We are therefore faced with the problem of deciding when a

surface wavelength is such that it no longer contributes to the fric- _

tional resistance of the surface.

As yet there is no theory to call upon to distinguish this limiting

value of surface wavelength and therefore it would be presumptious to

neglect surface features above or below any arbitrary value. Also, in

attempting to make a comparison between hull frictional resistance and

plate/pipes frictional resistance we are dealing with three fundamen-

tally different flow patterns each of which will be affected differently

by the surfaces under investigation.

In the pipe, the flow is constrained on all sides and therefore

tihe shear layer is confined to the diameter of the pipe, in comparison

to flow around a ship where there are no constraining boundaries and

the boundary layer is free to develop around the greater part of the

submerged hull.

In plate flow if we assume tLne plate to be infinitely wide, the

flow will bear a closer resemblance to the flow around a ship, but the

flow will be affected by the water-air interface. If the plate cor-

prises the floor of a channel, then there will be three-dimensional

effects due to the channel sides. Therefore, in order to reduce the

number of differences in the comparison of the ship and laboratory

flow regimes to a minimum, a flow channel is required which is as wide

and as deep as possible and even then account must be taken of the

inherent modifications to the flcw (Grass 1971).

Using laboratory tests in pipes and on plates it is only possible

7



to measure the frictional. resistance of a specimen piece of the hull

surface and not the total contribution of all the different types of

roughness in all the different flow regimes present on a hull surface.{A I -'
2.2 The flow system

The flow system used in the present ii. estigation consists of a

parallel glass-sided, variable slope water channel. The channel sides 3

jare glass panels, 1.5 metres long, carefully butted together and the

joints filled. The channel's variable slope facility along with an

-adjustable outlet weir enable a wide variation in the flow configura-

tion within the open top channel. The flow conditions were, in fact,

restricted to sub-critical (i.e. tranquil) mode to obviate the

phenomena of shock waves forming at the sensing probes and oblique

shocks generated from the imperfections of the channel sides. The

V; channel is approximately 20 m long and 30.5 cm wide and can accommodate

a plate or replica of a ship hull 30.5 cm wide up to 20 m long.

A deturbulating tank with a streamlined converging section is bolted

4

to the channel at inlet and is used to produce reasonably uniform flow

at inlet, free of swirl and flow stratification - ideally one-dimen-

sional potential flow.

The floor of the channel provides the base for the working

surface, and is made up of box sections 30.5 cm wide by 3.05 m long

which are securely bolted together and supported at three points,-

on rollers at two jacking points and at one hinge point. A schematic

- ;diagram of the flow system is shown in Figure 2-i.

Preliminary tests were made in the flow configuration to be used,

-411



to determine it3 suitability as applied to a study of the frictional

resistance of ship hull surfaces. It is realised that the flow around

the hull of a ship is very different to the confined flow of a water

channel, and a comparison is only valid if account is taken of these

differences and any results from the flow measurements adjusted

accordingly.

2.3 Components of the flow system

Two pumps are available to provide the fluid motion through the

open channel. The first of these, pump A, is capable of producing

6channel Reynolds numbers, Rc of up to a maximum of 3 x 10 where Rc =

UeX/v. Comparing this Reynolds number with typical ships Reynolds

number, a modern sea-going vessel such as a 400 metre long tanker

cruising at 15 knots (7.7 m/sec) develops a Reynolds numb-r of 3 x 109.

The ships Reynolds number is given by Rs = UsLs/v where Us = speed of

the ship and L. = the length of the ship.

A second, larger capacity pump B, loaned by BSRA has been

installed into the flow system and this has been used to develop

Reynolds numbers of up to 10

The maximum usable value of Rc from pump B is somewhat less than

this, in the region of 7 x 106. This is because at the higher

Reynolds numbers the channel flow becomes supercritical which is

undesirable for the present flow instrumentation. Apart from the

limiting value of Reynolds numbc's due to the onset of critical flow

there is also a limiting depth of flow below which the flow effects

due to the water-air interface become significant. The limiting depth

A°
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of flow in the channel was found to be in the region of 6 inches (15 cm).

The two pumps are operated separately, the inactive pump is iso-

lated from the flow system using valves I and II (Figure 2-1). Pump B,

the main pump, is a roto-dynamic pump of the radial flow type with a

36 cm (internal diameter) inlet and an 18 cm (internal diameter) outlet.

In the present system the pump outlet is connected into the 15 cm

(internal diameter) supply line to the flow channel. A Dall flow tube

is positioned in the supply line with its pressure tappings connected

to a mercury underwater manometer. From the supply line the water

enters the flow channel via the deturbulating tank and a series of

honeycombs.

Pump B operates under conditions of a negative static suction head,

drawing water from a below ground level pit, 2 metres deep with a water

capacity of 7.5 en (1.7 thousand gallons). The pump when commissioned

could deliver 4.0 m3/min. at 960 rpm, but the pump has subsequently

been derated by reducing the size of the impeller, to approximately

3.5 m/min. at 960 rev/min.

The smaller capacity pump A is an axial flow extraction pump with

the pump head submerged in the water pit. The pump is capable of

delivering 1.2 ms/min. at 2900 rev/min.

For both pumps it was found necessary to introduce two honeycomb

sheets into the deturbulating tank in order to remove large scale

eddies and swirl which was otherwise entering the channel and pro-

ducing non-uniform flow at the channel inlet. The swirl probably

originates from two ninety degree bends in the pipe line preceding the



deturbulating tank. One of the honeycomb flow straighteners is posi-

tioned horizontally over the deturbulating tank inlet, and the other

vertically across the channel inlet. Such ad arrangement produced the

desirable flow conditions at the inlet to the channel.

A continuous cycle filtration unit is incorporated in the system

in order to keep the water at a high level of purity required to operate

the flow instrumentation. For this, a portable extraction pump draws

water from the sump. The water is then allowed to cascade by gravity

through a series of different mesh size filter gauzes back into the

sump. The gauzes are periodically removed and cleaned.

2.4 Techniques for measuring Cf

There are several techniques available for the measuremant of the

local coefficient of friction of a surface. Only a few of these are

suitable for the particular experimental set-up used. These can be

divided into four main types:

1. Pressure measurements.

2. Force measurements.

3. Heat transfer measurements.

4. Optical methods.

2.4.1 Pressure measurements

Devices such as Preston or Stanton tubes can be used to measure

the-surface friction directly. These are probably the most widely

used of the manometric methods. Both are based or the universality of

2 the velocity profile in the inner wall region. Preston's (1954)

,-



j method of determining Cf was to use a calibrated Ditot tube placed in

contact with the wall. The dynamical pressure p exerted on the tip of

the tube depends on pV,T the outer radius r and the inner radius ri

of the tube. The pressure measured by the total-head tiibc in conjunc-

tion with the surface static pressure measured at the same station al:eng

the plate was calibrated by Preston in terms of the local surface-shea.-

stress.

There are several other types of pressure devices which can be

used directly or indirectly to determine the surface friction. Devices

such as the Preston tube can only be used on relatively smooth flat

surfaces and provide an obstruction to the flow with subsequent alter-

ations in the flow pattern around the area of measurement. Pitot-

static tubes can be used to rueasure mean velocity profiles in the

boundary layer which can then be used in the computation of Cf. The

velocity measurements are absolute but they cannot be made near to the

work surface since the resulting gap between the tube and the surface

will act as a constriction to the flow, producing secondary flow

effects which may be measured by the tube itself.

In a fully developed turbulent pipe flow the friction loss or

pressure drop, simply related to the wall shear stress T, can be

functionally related to the average velocity U of the pipe flow, pipe

diameter D, fluid properties of density p and kinematic viscosity V,

and a geometrical description of the rough wall k, k1, k2,......

Musker et al (1976) used measurements from pipe flow to predict local

surface friction coefficients for a ship hull surface, assumed equiva-

lent to a plane surface. The pipe flow average velocity is chosen so

that dynamic similarity between the flow in the inner regions of the
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pipe flow and that on the ship hull can be assumed. The law of the

wall conbined with the law of the wake (Coles 1956) can be used to

represent both the boundary layer flow on a flat plate without pressure

gradient and the fully developed turbulent pipe flow for smooth sur-

faces. The effect of surface roughness on the mean velocity distri-

bution is assumed to be given by

uge zuT C +
uT K V LVJK 6

where C is the law of the wall constant which depends on ku /V,

k is the 'typical' roughness height.

Alternatively, the mean velocity distribution can be written as

log~ x~k +

UT KL VJ

where X is a roughness function primarily dependent on the roughness

Reynolds number kuT/V.

From measurements of the static pressure drop and the mean vel-

ocity profiles in the pipe flow the roughness function X given by

-- ~ l e' k e ] (Musker at al 1976)S l e -C k + C2R

where B =law of the wall constant, Rk= kuT/V, and C1 and C2

* are empirical constants determined from the roughness function,

is calculated for a given surface. The working section of the pipe is

lined with twelve identical 61 cm long cylindrical replicas of the

surface under investigation.

Ix
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Thus, by using dynamical similarity which requires that the

roughness Reynolds num bers for the pipe and flat plate are identical,

the full scale flat plate surface friction coefficients can be cal.-

culated knowing the roughness function for a given surface geometry.

2.4.2 Force measurements

The local surface friction can be measured directly on a specimen

surface mounted movably in a sector of the principal surface. The

arrangement is given the name floating-element sur _.e friction balance

(Smith & Walker 1957, Reda 1974, Driftmyer 1975 and Karlsson 1978).

The floating element is used by Karlsson (1978) to measure local

surface friction values in a flat plate turbulent boundary layer. The

measurements are part of an investigation into the effect of irregular

ship hull roughness on the frictional resistance of full scale ships.

The floating element is located on the centre line of a wind

tinnel wall covered with a positive replica of a rough ship hull sur-

face. the fl.oating surface is located flush with the surrounding

surface using a dial gauge. Pressure tappings are located on the up-

stream and downstream edges of the element to allow the measurement of

the pressure in the gaps (11v 0.3 mm wide).

The flow exerts a force F on the element surface and the element

is displaced in the flow direction. F is given by

F A

where A is the area of the floating surface.

14
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A micrometer screw is used to restore the element to its unloaded

position, which is indicated by a differential transformer. If there is

no piessure difference around the edge of the element, the restoring

force FR will equal the force exerted by the flow. Pressure differences

in thle gap around the element will produce an additional force

given by

Fp= Apbh

where b is the width of the floating element, h is the height of the

floating element edge. Thus, resolving the forces in the direction of

the fluid motion, gives

F F + F (Figure 2-2)R P

The local surface friction coefficient is obtained from the

equation

Cf - 2F
PUe 2A

The reference velocity Ue was recordd for all the measurements

using a pitot-static tube of Prandtl's design and an accurate single-

limb micromanometer (Preston 1954). Thus, readings taken from the

floating element together with the velocity Ue and appropriate values

of atmospheric pressure, wind tunnel temperature etc., were used to

calculate the local surface friction coefficient as a function of unit

Reynolds number Uo/V

Roughness functions (llama 1954) were also determined for each of
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the replicated surfaces investigated.

Although the boundary-layer flow on a rotating disc is three-

dimensional in constrast to the two-dimensional flow on a flat plate

or axi-syimnetric through a pipe, the rotating disc provides a convenient

means of measuring surface friction effects particularly at high speeds.

The torque or moment M of one side of a rotating disc in an unbounded

fluid medium can be assumed to depend upon the angular velocity W, the

radius R, fluid properties of density p and kinematic viscosity V, and

the geometry of the disc's surfece k, k, k

22

By dimensional analysis the moment coefficient Cm is a function of

two dimensionless groups, a Reynolds number Re and a relative roughness

R/k for a particular surface geometry R. Hence

Cm f Re, RR

_4M _R_

where Cm 52 and Re
pR w

Application of the similarity laws results in a logarithmic

formula (Granville 1973) for rough surfaces

1 =A/~ log0 Revr(: + /~jB 0 + (A-B) -

55- e(AB
-A 1 T loge  18 e

-40r.
where AB is the similarity-law roughness characterisation, (AB)e and

(AB)e' are the values of AB and (AB)' at the edge of the disc. B

is the value of the inner law constant for smooth walls, and

(AB)' d lo- e  Rk is a roughness Reynolds number, uTk/v.

16
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For a smooth surface AB = 0 and (AB)' = 0.

Hence,

tI

=A 5 loge R eC- m 5 B1  A A5Alog e 55 IT AF*

f m/10 Anr 18 r

Thus, correlating plots of //C against log Re IC for smooth
m m

and rough surfaces, the local friction at the edge of the disc is given

by

uI

- -11 2A + (AB) -1 Cm 8e -

A similar analysis can be used to relate the torque or a rotating

drum in an unbounded fluid to its surface geometry. This technique is

presently used by workers at Newcastle University to investigate the

frictional properties of ship hull surfaces.

2.4.3 Heat transfer measurements

Instruments based on a heat transfer principle such as the hot-

wire anemometer have a small size of the sensing element producing

negligible disturbances to the flow, good response to high-frequency

fluctuations and suitability for electron c instrumentation. The -

instrument can be used within a few thousandths of an inch of a solid

surface. The detecting element consisting of a very fine short metal

* wire or film, only a few microns in diameter. The element is heated

by ar electrical current and when placed in a flowing fluid is cooled

by the fluid, causing the temperature to drop and, consequently, the

electrical reqistance of the wire to diminish. Hence the anemometer

17 V
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can be used to record fluctuating velocities of very high frequency

and in the case of evaluating Cf can be used to measure the mean velo-

city distribution down to very near to the solid surf.ace. The main

disadvantage of the anemometer is that it is comparative rather than

absolute and thus its accuracy depends on the method of calibration.

Ideally the detecting element should be calibrated in the same flow

situation as that in which it is to be used so as to reduce the number

of variables affecting the calibration. The heat-transfer character-

istics of the sensing element can change if it becomes contaminated

with dirt or if in the case of water flow, bubbles form on it. Hence

the instrument can only be operated in a 'clean' environment. When the

sensor is placed in close proximity to a solid boundary having a diff-

erent thermal conductivity than the surrounding fluid, the heat loss

from the sensing element will var, (Wills 1962).

The standard anemometer unit has one sensing element which can

measure velocity fluctuations in two dimensions, but measuring probes

with two sensing elements perpendicular to one another are available

for measurement of the turbulence intensity in three dimensions.

This measurement is essential for the correct computation of the flow

parameters. For an approximate analysis of the flow the turbulence

term is generally assumed to be negligible but for cases such as flow

over 'rough' surfaces the turbulence term becomes increasingly signif-

icant in any subsequent analysis.

2.4.4 otical methods

Included in this section is the measurement of fluid velocities

using the Doppler shift of a scaf tered laser beam, first used and

i8



S.uggested by Yeh and Cummins (1MI). Ligbt scattered bv a moving

particle causes a DoDpler shift fD in frequency, giving the following
07

approximate relation, when the velocity is very small compared :ith the

velocity of light

(n/A 0 ) U.- (eJ)inZ

where n is the refraction index -f the fluid, U. is the fluid velocity

vector, A0 the vacuum wavelength and (ej) and (eJ). are the unit
sc ina

vectors in the direction of the scattered beam and of the incident

beam respectivelv.

The exoerimental set up is shown in Figure 2-3. The light from

the incident beam scattered by the fluid partic!es, in the direction of

the photomultiplier, combines with toe non-scattered refere:ice be-m.

The photomultiplier acts as ar. amplifier and as a heterodyne receiver.

Such a receiver mixes tw-w signals of different frequeiicies an, produces

an output signal with a f-equency equal to the difference in the

frequencies of the input signals. Hence the receiver generates a

current .ho-e AC component is equal to the difference, Doppler. fre-

quency. When U is the velocity of the fluid at the point of inter-

section of the two beams, the difference frequency is

fD= (2n/Ao) U Sin (0i/2) -

wVner angle 0 is measured in the fluid.

The advantage that optical methods have over all the ot'er tech-

niques available is that they do not physically interfere with the
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flow and also they are absolute. The instr-"nent is ideally suited to

measuring high-frequency velocity fluctuations. Information about the

Ii tu~rbulence can be obtained by utilising a spectrum analyser whose output

is scanned and integrated.

2.4.5 The measurement of Cf in this investigation

It cen be seen from the preceding notes that t - two most versatile

and appropriate techniques for the measurement of the coefficient of

frictional resistance, or for that matter any other flow parameter, are

the Hot-ire/film anemometer and the Laser Doppler-Shift instrument.

The Laser Doppler-Shift method is rore attractive than the Hot-wire/film

anemometer in that it requires no calibration and does not interfere

with the flow. In fact, the Laser method would be ideally suited to the

task of calibrating the anemometer sensing elements in the working

flu.d. However, such an instrument was not available for the present

investigation. Hence the hot-film anemometer with a single cylindrical

sensor is used to record the velocity distributions across the boundary

[ layer adjacent to the work surface. The anemometer was calibrated, in

'fully' developed smooth turbulent flow, on the axis of a horizontal

glass flow tube connected to a constant-head water tank (Chapter 3).

The resulting boundary layer velocities are analysed using the

strearm.ise momentum integral, given by

dO 0 l -I C f 8 1d
x+ (H + 2) 2+ x - x D"dx

e c e 0

L Flow J L turbulence term J
conver-
gence J-

te
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The ma g-tude of the turbulence term is assued to be small comn-

pared with the other terms. Three-d-iransional effects due to the side

wall boundary layer deveionment in a confined channel flow configuration

can be accounted for in the term 8/(x - x), where x measured from
C Cl

the channel inlet, is the estimated point of convergence of the side

wall boundary layers. The comronent of hydrostatic oressure force with

streamwise direction for side wall boundary layer development is assumed

to be negiigible.

The flow measurement instrumentation available restricts the

analysis to the case of two dimensional flow. Hence, f-oz the analysis

to be valid, the turbulent intensity of the flow must be such that the

corresponding turbulence term is relatively small.

Typical parameters which are required in the flow analysis include

x, Ue Rc, 0, 6, H and Cf.

The distance x is measured along the channel length from the

plane joining the outlet of the streamlined deturbulating tank to the

parallel-sided channel. The free stream velocity D is measured on

the chaannel ce. -- x ne at a distance x and is used in the calculation

of the value of t'.- Reynolds num-ber of the channel flow, Rc . The
c

nmomentun thickness e, displacement thickness d shape factor H

are determined for points along the centre line of the channel working

surface using the respective boundary layer velocity distribution data.

A computer program computes the values of 0, 61 and H from the formulae

i6
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e
z=O

H 61/0

Thus, using the computed values of 0 aiid H and graphically

determined values of dU /dx and dO/dx over the work surface, a
e

series of values of Cf(j) are determined from the two-dimensional

momentum integral equation.

Corresponding values of Cf( 2) are computed (see Appendix 4)

assuming the validity of a logarithmic region in the boundary layer

velocity distribution. Values of Cf(3) are also computed by ficting

the boundary layer velocity distribution to a logarithmic plus a wake

relationship given by

U 1 zu 1T.W (Z
U log + B 4-

U K e -K

T V

L L
logarithmic wake
function function
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3. FLOW MEASUREMENT INSTRUM NTATION.

3.1 Introduction

Preliminary measurements of the flow, where no great accuracy in

the velocity readings near the solid boundaries is required, were

carried out using a oitot-static tube and a propeller type current meter.

Flow velocities in the case of the pitot-static tube were calculated

using readings of stagnation and static pressures, resulting in an

absolute measure of velocity.

The pitot-static tube is connected to a water malnometer open to the

atmosphere, the difference in the two pressures is measured in terms of

the height difference in the manometer readings. The set up was such

that the manometer readings for th- stagnation and static pressures

could be measured separately using a depth gauge from the open top of

3the manometer tube. Arrangements were made to purge the pitot-static

tube and manometer of air locks and obstructions using an air suction

line and a pressurised water line (Figure 3-1). The pitot-static tube

is held in position by a carriage arrangement which allows it movement

in the x, y and z directions. A serious disadvantage of using the

pitot-static tube in a liquid environment is the length of time that must

be allowed for the manometer reading to settle down to an equilibrim

position before a reading can be taken.

An alternative to the pitot-static tube is a water current meter.

The current meter used consisted of a propeller unit, comprising the

propeller, the shaft, the rotating sleeves and ball-bearings and a

meter body, containing the electrical impulse generating -nit plus

_ _ _
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an electrical connection to an electrical counter which registers each

revolution of the propeller. A stop-watch is used to register the

number of revolutions per second, n, and the mean flow velocity computed

from the calibration

U K.n + A1

The constants K and A1 are predetermined for the particular propeller

used. The resulting velocity profiles were used to determine the

approximate extent of the side wall shear layers.

The flow analysis used necessitated measuring the boundary layer

velocity distribution very close to the work surface. Hence the meas-

uring probe used must be as small as possible. This is especially so

in the region near the surface where the gap between the probe and

surface could act to accelerate the flow through the constriction so

formed and hence produce a change in the flow pattern in the vicinity

of the measuring probe. Both the current meter and pitot-static tube

cannot be relied upon to give reliable velocity measurements close to

a solid boundary due to their relative size. These instruments also

have the disadvantage that they do not have an electrical output which

can be electronically manipulated to provide the required fluid paza-

meters. The hot-film aremometry has the advantage of an electrical

signal and the measuring probe is relatively small.

3.2 The constant temperature anemometer

The use of hot sensors for the measurement of particle velocity

in fluid flow relies on a relation similar to the formula derived by

26



King (1914) governing convective heat transfer from a 'ylinder in an

incompressible potential flow. According to King, the rate of heat loss

Qand flow velocity U are related through

Q = (A1 + B1 /U) (T - T0 )

where A1 and B1 are empirical constants, U is the flow velocity, T is

the wire temperature and T o is the fluid temperature for thermal equili-

brium conditions. The rate of heat loss from the sensor must equal the

heating power produced in the wire by the electric current I.

Incorporating the temperature differences between the wire and

fluid in the empirical constants A and B, the heat loss formula takes

the form

12 R/R- RO  A + B (U)n

00

: where R is the operating resistance of the hot-film, RO is the resist-

ance of the hot-film at fluid temperature and values of A, B and n are

determined to give the best fit to the measured data within a selected

velocity interval.

The anemometer output is a bridge voltage V, and the squared

voltages V2 and V 2 , where V0 is the bridge voltage at zero velocity,

are linearly related to the heat loss of the sensor at the velocity in

question and at zero velocity respectively.

An analog computer is used to linearise the anemometer so that the

meaurements of fluctuating velocities and velocity profiles are not

21



affected by amplitude distortion. The analog computer used has the

following transfer function

: ) mV =K(Vi V

out in ino

Thus, the non linear relationshiD,

VB2  A + BUn

B

between the output voltage V from the hot wire or hot-film anemometer
B

and the measured flow velocity (U) can be linearised to read

V KU
out

with good approximation down to velocities of 20 cm/sec.

Z3.2.1 Theory of operation of the CTA

Figure 3-2 shows a circuit diagram of the Disa CTA unit used.

The sensing device used consists of a thin electrically heated metal

film fused to a quartz fibre for support. The fibre plus Film has a

thin insulating coat of quartz and is suspended between the two probe

supports.

The hot film probe forms one arm of a wheatstone bridge circuit,

the other arm consisting of a 'non' inductive variable resistance box.

The bridge is powered by an amplifier whose output voltage is con- 2

trolled by the bridge imbalance. The system operates as a so-called

null-seeking device. That is, if for instance, the probe resistance

28
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is less than the resistance of -ie adjustable bridge arm, then an error

voltage will be produced across the amplifier inputs. This voltage is

applied across a very high gain amplifier and back to the bridge top so

that the current through the bridge increases, causing the probe to beat

up until its resistance is equal to the value of the -a-iable resistance

box, whereupon the bridge is again in balance.

Any flow over the probe will try to cool it, resulting in a small

change in the probe resistance which in turn produces an error voltage

across the bridge. This voltage is amplified in the servo amplifier

and fed back to the bridge top, causing the bridge current to increase

and the probe temperature to return to its original value. The voltage

which is fed to the bridge top to maintain the probe temperature can be

related to fluid velocity by calibration.

3.2.2 The probe onerating resistance

The probe resistance is determined using the following procedure:

1. The probe cable and support are terminated using a shortening

probe and the bridge is adjusted for balance with the feedback loop

open by adjusting a potentiometer which is connected in series with the

decade resistance box.

2. The shortening probe is then replaced by the actual probe to

be used and again the bridge is adjusted for balance, this ti-me by

adjusting the resistance box. The resistance reading on the decade

box corresponds to the cold resistance of the probe Rp (assuming a

bridge ratio of 1:1) whex.
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RD=R + R

R Sensor Resistance (at a- ient temperature)
S

R = Resistance of probe leads
L

3. The required operating resistance (Rt) for the probe can now be

set on the decade res stance using the formula

Rt R +R (1 +a (T- To))
S L

where R is the sensor resistance at temerature T o (ambient teme-
S

erature), a = temperature coefficient of resistance of the sensor

material and T = required operating temperature of sensor (<15 0 0C).

The bridge is now balanced.

4. Turning the anemometer control switch to operate, which closes

the feedback loop, causes the probe to heat up until its resistance

reaches the required value and the anemometer is ready for use.

3.2.3 Frequency response

The anemometer is checked to make sure the instrument is not

oscillating due to iTimalance of the reactance on the two sides of the

bridge. Moreover since the anemoeter is designed to measure rapidly

fluctuating velocities, the frequency response of the system is also

checked.

The ideal way to check system stability and frequency response

would be to place the probe in a flow and to subject it to a step

change in velocity. By observing the anemometer output on an oscillo-
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scope the impulse response of thie system could be checlked. In practice

we simulate this by feeding an electrical square sine rave signal to the

servo aplifier output. This causes a sudden increase in probe current

and resulting bridge imbalance. The imbalance is amplified and fed back

to the bridge top to restore balance. The anemometer output voltage

meanwhile is monitored on an oscilloscope. Any instability in the

system will result in oscillations on the anemometer restonse. Using

the square wave generator, the frequency response of the OTA bridge is

optimised with the bridge balanced.
I

3.2.4 Probe contamination

Before taking any measurements with the hot-film probe. it is

lightly brushed with a dilutic solution of acetic acid to remove any

impurities from its surface which may alter the heat transfer charac-

teristics of the sensing element.

B A filtration unit is incorporated in the flow system to remove

any impurities which may enter the system via the channel's free

surface or from corrosion of the connecting pipes. At low velocities,

j the probe is prone to air bubbles collecting on its surface which will

5 lead to 'hot spots' on the sensing element which may cause it to burn

out. In the case of air bubbles collecting on the probe surface, the

probe current is switched off, the probe raised above the water, re-

turned to its original position, and the measurements resumed.

3.2.5 Probe traversing technicue

The hot-film is held in position using a carriage similar to that

31



used for the pito t-static t-be and the current meter. A scale alona the

length of the channel plus scales on- the vertical and cross-wise axis

of the nrobe m-ae it poss'ble to relocate the s'-ins g ele nt to any

point in the flow. The probe guide tube is eartIed so as to prevent

the build up of charge on the film sensor.

An off-set probe is used to take m-asurements very close to the

channel floor; the orientation of the probe is such that the probe

measures the velocity fluctuations in the x and z flow directions. The

hot-film element is primarily sensitive to the component of flow velo-

city normal to the axis of the sensing element.

If the probe is yawed about an axis normal to the sensing element

a progressively shorter length of the element will be exposed to the

laow cooling effect and the sensitivity will fall. At a yaw angle of

900, that is when the flow is parallel to the sensing element, there

will be a minimal cooling effect and therefore flo-w components along

the sensor can be neglected. The sensitivity of a hot-film probe to

variations in yaw angle is given by

U U Cos a,
eff

where U actual flow velocity, Ueff  effective cooling velocity and

= yaw angle.

Considering the probe in a typical flow field, there will be a

mean velocity U along the axis of the probe support and fluctuating

velocity components u, v, w in the x, z and y directions. As has

already been discussed, the effect of flow along the sensing element

-32
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has a negligible cooling effect and the coancnent ;f Velocity that the

probe u i-i ;easure is therefore

Ur = ( (u+ u)2 v2

: In a low turbulence flow field u ind v are small, then

Ur U+u

3.2.6 Probe calibration

The experimental set up of the hot-film calibration rig is sho-w

in Figure 3-3. The rig consists of a glass calibration tube 2.15 cm

in diameter and 4.6 m long (Z 200 diameters) connected via a globe

valve to a constant head reservoir whidh is sunlied with water pumned

from the channel system. lience, the hot-film probe is calibrated in

a situation where the intensity of turbulence is at a minimum i.e. at

the centre line into smooth turbulent pipe flow.

The calibration tube is slung between the sides of -he flow.

channel above the level of water, so that the probe can be raised

above the channel water level and inserted inside the outlet end of the

calibration tube and a calibration performed without mving the probe

from the channel system.

0Various flow rates can be achieved by adjustment of the globe

valve on the outlet of the constant-head tank. The flow rate in the

calibration tube, and hence the mean velocity, are determined from

A the discharge rate =easured over a minim-a e-.riod of 30 seconds, the

1
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B -wa ter c olle t e d in a -.x-1y4Lhn b ag and the volim'e neasurted. Frma

knowledge of ZLhe tube fclow Reynolds ntmunbe- assumdrni-q the nrobe to be

~~~positioned on the calibration tub--e Cen-tre line, then the .lati n

between the mean aeoit nrd the centre li ne velociy (Fgres 3- 1a

3-5) c-an be used to ca--ulate the centre l-ine velocity WAzsA 9E.

The centre line velocity is then related to t.he CIA bridae vo' -aae anda

the probe calibrated. Typical calibration curves are shown in Figures

3-6 and '3-7. Calibration-- are taken for each of the Uicr~r unit

exponent values and best fit li;nes by least squares fitted through each"n

set of dat a. Thus the most a=ororit Cexp n Luefrlna ai

bration can be determined. This value is then used for all --h Prbe

measurements.

3-2.7 Prxobe op~eration

After calibration the probe is L~esd~i the channel flowr, anid

the operating resistance calculated and set for the eXisting water

te perature. The probe is then ready for the measurement of water flow

velocities at -he sane temuerature. If: the water emerature chances

because of the heating effect of the pump or changes in the atmosoheric

temperature then the operating resistance mus~t be re-calculated and

reset on the CTA unit, thus providing a con~stant overheat ratio.

The probe is manually positioned for the first readng,thC

unit and then the data logger switched on, and the linearised bride

voltage sa'ipled at 0.33 second intervals over a period of 10 seconds.

The sanp-.led voltage is recorded on. punched paper tape for a subsequent

computer -analys.ids. After the sampling period t6-he data logger is

=switched off , the probe mved to the next measurina noint an-I theP
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sal=Iing prccedure rereted. In thectsc of proi ity profile

MC-011sureMer .t he fMi is saaocQ at nat-nts e close tc_ ....

aparzt n the -E flcor shear layr re-ion and at ncits iorUyer acart

(1 cm) in the free-streaz region. This is to enable _ accura--- te

measaremnt of the co arativyi- ste n veaoc vr ore enT an

the shear laYe-

For cross-channel constant eoth flor Measurements U re Is

soved in-ecal, comaratively larcer .... L.. steps across the channel

-i v -0 nt m n

width to gain a genera icture of th e side wail shear ia e e 7=

and the central core flow. The resulting values of mn voltage for

each of the neasrina Points at a station, aicnc wiith a orresp-onding

value of free stream velocity, are con-verted into mean velocities ising

the appropriate hot-film calibration.

The free stream velocity is measured using the Ott c-urrent meter

which gives a value of velocity integrated over the area generated

from the propeller radius, which is then assigned to the r-an value of

m-asured anemometer voltage in the same region of flow.

3.3 T1he Dali flow tube

A Dal! tube measuring device is incorporated in the pipeline

betwe:.n the pm-ing station and the channel inlet to cive a masure of

the water flow rate through the han.nel at any particular set of flow

conditions.

The Dali tube is a modified Venturi tube. The tube inlet incora-

orates a dam followed by the inlet converging cone and then a narrow
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cylindrical section on either side of the tiroat slot. The flow then

encounters the recovery diverging cone with an included angle of about

15 degrees after which the flow undergoeq sudden enlargement to the

pipe diameter. The cones are steep in addition to being truncated, and

the whole device is only about 2 diameters long. There are no gradual

curves as in Venturi tubes, and other devices which are intended to

accelerate or decelerate a fluid with minimum loss.

The differential pressure produced by a Dall flow tube is much

higher than that of a corresponding nozzle or Venturi tube. The flow

rate, Q, is determined from the pressure differences created by the

constriction in the meter, where Q is given by

Q CdA2 2g / /F-

and which is valid for one dimensional flow as given by Bernoulli.

Va -ations from the one-dimensional theory are all included in the

particular value used for the coefficient Cd. A typical calibration

curve of Cd values is sho.an in Figure 3-8 and values of Cd for diff-

erent Dall flow tube, throat to pipe diameter ratios, 1 , are plotted

in Figure 3-9

Pipe Reynolds numbers of the order 3.5 x 10 and above need to be

reached before the value of C can be assumed to be constant. In the

calibration rig available the maximum obtainable Reynolds number is

approximately 3.7 x 105 and therefore it was not possible to calibrate

the Dall flow tube in its linear working region. The value of C, for

the Dall flow tube was therefore determined from Figure 3-9 for a

pipe ratio, 81, of 0.643 and for Reynolds numbers greater than 3.5 x 105.

C d  0.69
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4. COINSIDERATINS OF THE FLOWJ JANALYSIS

The flow analysis uses the momentun, equation applied to a control

volume bounded by: (1) the channel floor; (2) two vertical parallel

planes, separated by a distance Av, which coincides with the extremities

of the side wall shear layers; (3) a plane parallel to the water surface

but at a distance below the surface such that the water surface tension

and interfacial shear effects can be neglected; (4) two vertical nara-

llel plawnes across the flow channel separated by a distance dx

Figure 4-1 gives a schematic diagram of the control volume.

The structura and the level of turbulence are assumed such that

the contribution the resultant of the normal turbulent stress tems

make to the momentum equation is deemed to be small by comparison with

the other terms. For constant depth flow the resultant of the forces

F1 and F2, on the ends of the control volime, which are equal and

opposite, is zero, and the component of the normal forces in the direc-

tion of fluid motion is likewise negligibly small.

The weight W of the liquid in the control volume has a component

= W sin a2  in the direction of motion, where a2 is the angle of slope

of the channel floor. The maximum slope encountered in the present

investigation gives the maximum value of sin a2  as I x 10- , hence

the maximum value of the component of weight in the direction of motion

is 1 x 10-5W.

Consider that part of the control volume bounded by the outer edge

of the channel floor shear layer (not a stream surface), and apply the

= continuity equation and momentum t.heorem to a stream-wisF slice, of

50
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unit traverse width, of the vol we. The riass flow through the left hand

end of the control volume is

j p= u d z( - )
In JUQZ-(4-1)

0

and through the right hand boundary surface it is

dn + =pudz d pudz dx (4-2):dx 3x
0 0

The difference between the two,
6

di dx= d ud 1 d
dx dx u (4-3)

0 I

must, by the continuity equation, be equal to the flow through the ton

boundary surface. The x comnonent of n.omentum flux through the left

hand side is

M£ = Jpudz (4-4)

and through the right hand side it is

M + d)V__x dx = u2dz + d pu2dz dx (4-5)
dx dx

0 0

the difference being

dMx dx= d Vuiidzi dx (4-6)

dx dxtJ -

0

The x component over the to, surface is

MI-7top U ([-7)

0



The only forces acting on *-En control volume are assnumed to be

shear forces at the n]-te (--to dx)e and the comoonent of the weight

V/Az) sin 0. The momentum law for steady flo-w states that the sum ofi

all the forces acting on a volune in a civen direction is equal to the

next efflux rate of momentum from thlis volum~e in the saiaa direction.

Applying this lawr to the ccntrol volumze, then in the z direction

f.;[ udz] dx U d F ,; (4-8)

0 0 - T. dx + (W/tAz) Sin0

On sulbstituting typical experimental values into the momrent-=

equation, the effect of gravity on the control volume is founid to be

several orders of: magnitude less than the other force components and is

therefore neglected in the analysis.

For steady unifform incompressible turbulent flow, the stream.- ise

boundary layer equations Can be approximated by

du+ d.7 continuity (4-9)

+ = 0 -a

dx + dz e- dz~ z d, v,
x -,mentum

The turbulent normal stresses, given by d - -v2  
7W,2)

although cotmnonly neglected can contribute as much as 10 per cent to

the magnitude of the momentumn equation at flow separation. Substituting

-r p(du/dz) p ut .0 into the x raomentum equation and neglect-

= ing the turbulent normal stress yields

-du - du dU + dT
u-T + V -= U e (4 -11)dx dz es' P dz
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The continuity is used to eliminate v(×,z) in favour of

u (,z) and then the moentumn equation integrated with repuct o z

acioss the entire boundary layer to give the ordinary differential

equation

d3 0 dU T ,
dx + (2 + H) e -P (4-12)

since by definition Cf = ---U--(4-13)

where G = momentum thickness = - (1 - U d (4-14)
C e e

H = momentum shaoe factor 61/0 (4-15)CO

- dieDiacement thickness (1 - ) dz (4--16)
Of eM

Thus, for the case of parallel side wall shear layers, the velocity

distribution is measured perpendicular to the channel floor and at

various stations along the channel centre-line in the control volume

ABCD (Figure 4-1). From the velocity distributions the values of ,

, Ue and H are evaluated and these substituted into equation 4-4

to give the local values of the surface friction coefficient at each of

the measuring stations in the control volume.

The analysis is modified to deal with the case of developing side

wall shear layers by the addition of a convergence term, 9/(xc -X)*

to the right hand side of equation 4. x is the location of the point,c

as masured from the channel leading edge, where the side wall shear

layers .nerge. With the convergence of the control volume there will be

a resultant streawiise hydrostatic pressure force; this is assumed to

be neglifible.

* lroc. Computation of Turb- Bound Layers- 1968
AFOSR - IFP - Stanford Cont. Vol 1.
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The results from the xn. .. n4-u integral analysis are compared with i

corresn-onding filuir parameters computed from the existence of a loga-

rithmic relationship for boundary layer flow. The lccarithmic region

is forized by the overlap of the inner and outer laws for two dimensional

turbulent boundar. laver flow over smooth surfaces. The overlap batween

the tbwo la7--s is given by

u 1 zu (4-17)
-- log 'T +u V e v

The validity of the inner law, includino the logarithmic overlap

can be established by plotting velocity profile data in terms of the

inner variables u/u and zu i, . A single plot of several sets
T T

of data produced by workers using widely different flow regimes (Figure

4-2) clearly shows the data with the exception of separating flow

collapsing onto a single logarithmic relation in the overlap region

35 < T < 350 , corresponding roughly to 0.02 < z/6 < 0.2,
V

after which the individual data curves either veer off uowards in the

outer (wakelike) layer or downwards in the inner viscous shear layer.

The iner law is extended into the outer region of the boundary layer

by the addition of the wake function (Coles 1956), thus

_ I zu T  I! W (z
fI loge - + B +(4-8)

u K e -K
T V

For fiow over smooth surfaces the surface rougxhness is entirely

submerged in the viscous sublayer and the flow adjacent to the surface

follows the contour of the surface roughness a!- st without separation.

With 'increasing surface roughness' the roughness elements will begin

to break throuch the viscous sublayer producing localised flcw seonra-

= tion and eddy shedding. The viscous sublayer will become increasingly

S
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less stable until the roughness elements are such tiat the sublayer

will Urrge w h the outer layers.

Thus, the effect of surface rouhness on the shear flow is to

modify the mean velocity distribution. The effect on the semilogarith-

mic plot of u/u versus loge zu /v is to displc it do-nwards fromT

the smooth wall profile by an amount Au/u . This do-.ward shift of

the logarith-mic profile due to surface roughness had been noted by

Nikuradse (1933) for the case of Pine flow.

For sroth surfaces a fanivy of straight lines can be produced,

each line corresponding to a given value of C=. Hence, experimental

points can be plotted on such. a plot (Figre 4-3) and the line uron

which Th-ey fall gives the appropriate value of Cf. The restltina value
-o n# position. of the line

of Cf can be checked aqainst both the slone an t

(Clauser 1954).

Extending this method to rough surfaces produces several diffi-

culties, these being that the origin of Z is not know. and also, since

the roughness causes a shift in the ]ogarithmic profile, the value of

Cf is confirmed only by the slope of the logarith-4 c line and not its

position. By defining a height c, measu.rc from the crests of the
* roughness ele'nt, where the logarithmic asymtote is located, Perry

and Joubert (1963) were able to extend the me-hod to the case of rough

surfaces.

Using this method of shifting the crigin of the mean velocity

distribution to get thz best fit line the the sar-iloga--th-"c p-ot,

the relationship is given by -M

._ _____-_55 N
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1 rku (4-19)
U K e
T k V

where the roughness function g is

g 1log ku + Au (4-20)
K e- U

V T

for large values of the roughness Reynolds number Rk (Rk kUT/A) M
-k T

In the search for a universal roughness function, the roughness

Reynolds number R, has been expressed in terms of various roughness

height parameters. A characteristic roughness height in terms of the

root mean squared roughness is used by Karisson (1978), the mean

apparent amplitude of the roughness and centre line average have been

used by other workers (Musker et al 1976).

The inability of these parameters to provide a universal relation-

ship b1,.een the roughness Reynolds number and the roughness function

Au/u led to the use of various simple spatial parameters in the

characterisation of the surfaces under investigation (Better-cman 1966,

Dvorak 1969, Simpson 1973). Several empirical relationships were

subsequently produced, all applying to the spe:ial case of the fully

rough flow regime.

[ In a study of flow through pipes lined with replicated ship hull

surfaces Musker 1977 set out to determine a roughness function using

parameters from a F atistical analysis of the surfaces. The roughness

Reynolds number i 'dified to

r --
ku au (4-21)

( + ASp)(1 + bSkku)

(Musker & Lewkowicz 1978)
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where a is the standard deviation of the surface heights, Sp is the i

average slope based on a sampling interval equal to the correlation

length and 'a' and 'b' are empirical constants. the parameter Sp is

assumed to represent the degree of bluffess of the roughness elements,

and SK and KU are the average skewness and kurtosis of the surface

height distributions.

For the surface investigated an approximation to a universal curve

for the roughness fanctions could be obtained if the short wavelength

cut-off was set close to the extrapolated value of the average turbu-

lence macro-scale in the vicinity of the roughness elements. Hence for

a 2 mm cut-off wavelength the values a = 0.5 and b = 0.2 produce a

nearly universal curve (Figure 4-4) for the roughness function,

plott-: against the modified roughness Reynolds number.
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5 THE- EASUREMENTz

5.1 Introduction to surface mleasurement

There are many instruments available for the measurement of surface

geometry. These are capable of reasuring surfce features from meters

in length as in the case of a surveyor's theodolite right down to looking

at the molecular level as measured by the Scanning Electron Microscope.

A state of the art review and bibliography of Surface Topography in

Engineering is given by Thomas and King (1977).

For a successful analysis of surface roughness it is important

that the measuring instrument used produces readily available quanti-

tative information about the surface, it clearly being an advantage if

the data is in the form of an electrical signal which lends itself to

electronic manipulation and computer analysis.

It is, of course, important that the measuring device is capable

of supplying information about surface parameters which together are

capable of uniquely defining a particular surface.

5.2 Measurinq techniques for surface microgeometry

The techniques available for looking at surface microgeometry,

for example (1) Optical Methods; (2) Taper-Sectioning; (3) Pneumatic

Gaugin W i&d (4) Stylus Instrui,,ntc,
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5.2.1 ptical methods

Optical methods include:

(a) Microscopic examination of the surface with normally incident

illumination which at low magnifications gives a general picture of any

trends in the surface features. At higher magnifications it becomes

increasingly difficult to focus on the peak and valley features simul-I taneously thus severely restricting the scope of the microscone in the

examination of surface roughness.

(b) The Light Section microscope partially overcomes the problem

of focussing on the peak and valley features simultaneously by throwing

light from a slit onto the surface at an incident angle of 450 . The

reflected image of the slit is seen in effect as a section through the

surface with the vertical scale magnified by a factor equal to the

cosecant of the angle of incidence.

(c) The Interference microscope can be used for relatively smooth

surfaces, it showing the surface height variations as light and dark

interference fringes. Under suitable conditions it can. give a complete

contour maD of the surface. None of these optical methods are capable

of providing quantitative information without laborious processing.

(d) The Transmission Electron microscope has a much greater res-

olution and depth of field than its optical counterparts, but it re-

quires a tedious, delicate two-stage replication technique, with a

consequent danger of poor reproduction of the initial surface.
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(e) The Scanning Electron microscone is a considerable imorove-

ment of the Transmission microscope. It is a reflection microscore in

which an electron beam is modulated to scan the sirface in a series eC

parallel traverses. The reflected beam is detected, amplified and d"

played on a TV screen. Specimens can be examined directly; but the

size of specimen is limited by the size of the specimen vacuum chambC

(f) Various designs of glossmeter have been produced (,estburg

1967/8) to measure the reflectance of a surface to give a relative

measure of the surface average roughness. A development of this

technique is the laser scanning analyser (Clarke & Thomas 1979). A

laser beam is reflected from a rotating polygonal mirror in order to

scan the -:,orkpiece surface at high speed, where it is again reflected

into a wide aperture photodetector which measures the reflected inten-

sity. 'The detector output is amplified and applied to the vertical

deflection coils of an oscilloscope whose time base is provided by the

rotation of the mirror. Localised variations in the reflectance of the

surface thus appear as changes in signal strength whose position on

the workpiece can be established from the time elapsed since the start

of the current scan. The laser beam spot diameter can be set from

200 gm upwards at 623 mm scan width, the angular traverse is +300 and

the scanning speed is 5 .qHz maximum.

5.2. 2 Taper sectioning

In taper sectioning the specimen is sectioned at a shallow angle

to the surface and the section polished and examined microscopically.

The result is a profile with it-s vertical scale exaggerated by a factor

of cotangent a , thus emphasising the surface features. Thie method has

the disadvantages of being destructive and time consuming.
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5.2.3 Pn umtic a nq

In pneumatic gauging air is allowed to escape through the gaps

between a flat nozzle and the surface it is in contact with. The back

pressure is a function of the surface roughness. The gauge is in-

sensitive to smooth surfaces and does not give quantitative information.

5.2.4 Stylus instruments

The basic form of the stylus instrument is that a fine stylus is

drawn at a constant speed over an irregular surface and the variation

of its vertical displacement with time will represent the variation in

height of a section of the surface with horizontal displacement. As

the average slopes of most surfaces are sml, the vertical movement of

the stylus is generally electronically amplified.

The one main advantage of the stylus instrument which makes it

superior to the other surface instruments is the availability of an

electrical signal which can be electronically manipulated to give any

desired roughness parameter, displayed directly on a chart recorder,

or analysed by computer.

5.3 Measuring techniques for surface macrogeometry

The previously mentioned instruments all measure surface features

of horizontal dimensions up to a few illimetres. In the experimental

set-up of this investigation the work surface is approximately 20 mietres

in length and therefore to characterise the surface, surface features

of up to 20 metres must be measured. The techniques available to
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tmeasure the macrogeornetry of the surfaces can be divided into (1) Ot1ica 7

techniques and (2) other techniques.

5.3.1 Optical techniques

Optical instruments for the reasurenent of surfaces include the

auto-collimator and micro-alignment telescope. Both of these use a

moveable target which is placed on the work surface and whose displace-

ment relative to the sighting instrument, with distance between the two

gives an indication of the surface geometry. The instrument's sampling

interval and sample length are determined by the separation of the

target's feet, the limit of angular deflection of the light source det-

ectable by the sighting ievice, and the optical efficiency of the

instrument.

5.3.2 Other techniques

The other methods include using instruments such as dial gauges

which can be used to measure spot heights along the surface relative to

a datum, such as an engineer's straight edge. An electronic level

measures the inclination of the surface in steps equal to the separation

of its feet, its range of surface feature measured being from the mean

distance apart of its feet to as far as it is physically possible to

move he instrument along the surface. The values of surface inclin-

ations can then be easily converted into height readings.

Another instrument *- for measuring surface 'macrcgeometry' is a

coarser version of the stylus measuring device used for measuring the

microgeometry of a surface. BSRA have, for many vars, used such an
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instru ent (Canham 1956) to take in-situ ship hull roughness records

when ships undergoing trials are in dry dock. The instrument in auestion

is called the BSRA Wall Roughness Gauge, a diagram of which is shown in

Figure 5-1. The gauge consists of a measuring probe .mechanically linked

to a sapphire stylus which scratches the measured profile onto a graph-

itic coated glass slide. The measuring Drobe assembly is held in a

carriage mounted cn wheels and traversed across the hull surface on a

track which is held in position on the surface by means of two magnets,
one at either end of the track. The measuring probe which has a 1.6 mm

diameter ball point is drawn over the surface in between each side of

the track. The probe is constrained to move in a vertical directicn

and hence as it is drawn across the surface, its movement relative to

the track-way is recorded by the sapphire stylus on the graphite coated

glass slide. The vertical- measurements on the- recorded profile are

equivalent to the vertical movement of the measuring probe, whilst the

traverse distance has been reduced by a factor of approximately xlO to

fit the profile onto the glass slide, Thus, the maximum length that

can be traversed by the measuring probe is approximately 63.5 cm and

the corresponding recorded profile is approximately 6.4 cm long.

The wall gauge records can be projected optically on to a screen

and the Mean Apparent Amplitude (MMA) for a surface 'wavelength' of

2 inches (5.1 cm) manually determined and taken as a typical measure

of the surface roughness. The reason for using a 2 inch length being

that a statistical analysis of ship-model data (Chaplin 1967) seemed

to indicate that a relationship exists between frictional resistance

parameters based on the I.A per 2 inch length of hull surface and the

corresponding computed ship-model correlation factor. The wall gauge

surface profiles can also be digitised and st tistically analysed by
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computer. Prior to the analysis the otically enlarge-d profilesar

projected onto a digitising table connected to a paper tape punch.

BSRA have recent~y produced an electronic }ull Roughness Analyser

to replace the roughness gauge which has been in use for over 30 years.

The new portable instrument provides a digital record on a strip-printer

of peak to valley roughness amplitudes in alternate 50 mm lengths as the

sensor is propelled manuallv over the work surface. The measuring probe

has a vertical measuring range of between 15 pm and 2 mm.

5.4 Surface replication

The use of surface replication in the measurement of surface

topography has been recently evaluated by George (1979). The investi-

gation makes use of the powler spectral density function to compare

various replica materials and techniques. The requirement of the

replica is that 'the geometric shape of the contact face should be as

similar as possible to the parent surface'. Some replica materials,

such as Acrulite Microtech type A, are known to distort as they set

causing bowing of the replica. For many applications the bowing is

relatively unimportant compared with the roughness replication. Bowing

can however cause considerable inaccuracy when investigating the

relatively long surface wavelengths.

It was found that for all the replica methods investigated, the

replication re-solution dropped off significantly for surface wave-

lengths less than 30 pm. Bowing of the replicas was considerably

reduced by inserting a steel plate in the replica as it curved.
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5.5 Surface characterisation

Surface topogranhy is gerally divided aebitarily into three

classifications accordina to its scale (Figurt 5-2). T-he largest

wavelengths are classified as errors of form, inter-diate wavelenaths

as waviness, and the short wavelengths form the surface rouchness.

Clearly the longest wavelength present can be attributed to the nominal
size of the work surface. The shortest wavelength present is more j
difficult to define; theoretically it can be the atomic dimensions of

the surface- The wavelength cut-offs of the measured orofile must be =

taken into account in the subsequent analysis. The rmasured parameters

of a surface are dependent both on the type of surface under investi-

gation and on the wavelength cut-oCis of the measuring instrument. For

a stylus instrument the short wavelength limit is determined by the

finite dimensions of the stylus, acting as a low-nass filter, and the

long wavelength limit by the sampling length.

The surface parameters derived from a computer analysis of the

surface profile are not intrinssic properties of the profile since all

the digital computers in effect sazple the profiie at discrete inter-

vals to obtain a discrete set of height readings defi.ing the profile.

Hence the comuted surface parameters are a functicn of the finite

dinsions of the measuring head, the sampling interval and the sampling

length (Thomas & Sayles 1978).

The first task in analysing a surface pr-7ile is to define a mean

line or datum from which parameters can be meas-ared. This will make

it possible to define the surface height variation, but a means is also

required of defining how the heights vary in the plane of the surface.
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Thus, to descrie a surface at least two rate are gtmexraIlv

required, one dafining thne xough.ess aei _ ana tlr ottar, a s-a-ial

paraILter, defining ho- the -ou~hnesc varies along the surface- By

-Iassum'ing the surface Profile to be tending to a straight line parallel3£

to the measuring instru .tqs datU then a n'uer of elem-ntar- -era-

meters can be used to describe the rouchness amniitude. For example,

r the maxium peal: to "valley height of the roughness, Rt: is defined as

the vertical distance between the highest peak and lowest valley on the

profile. It is easy to define but has the disadvantage of bei-ng sens-

itive to a typical surface event such as scratches. The highest n-e-ak

and lowest valley on a profile as measured by a stylus instument are

not ne-cessarily the highest and lowest points on the surface. It is

4 unlikely that any peak on a profile will coincide with any sirit of

a surface asperity; tie measuring insru-ment will probably follow.: a line

that takes it over the shculders of surface asperities. The to nst

widely used mean-line roughness parameters are the root mean saduare

(EMS), Eq, and centre line average Ra , each of which can be used to
IA

define the man line or plane through a profile_ The iMs v-n line iS

produced by minimising the sum of the squares of the distances above

and below the e--an line- %.e =s rcrmess is defined by,
I0

A

j where z is measured from the ean line nd Ly is thne profile leng~th.

The cente in ave--cj, Ra , is the most univrsaly ued rouh-

ness paraseter because of its ease of measurement. The mean. ine or

pln yon of equal areas or voles of sur-face

and void, anove and below the mearn.
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The Ra parameter is d-fined for a profil3 length Ly

L
y

rf IZjdy (5-2)

y
0

" Since the nrms roughness is weighted by the square of the surface

heights it tends to be more sensitive than Ra to large deviations from

the mean line. In some cases this can represent an advantage in the

rms over the Ra parameter.

k" A roughness measure used to specify ship hull roughness is the

mean apparent amplitude, MAA (Chaplin 1967). Using the BSRA wall gauge

a sample length of approximately 30 inches (76 cm) is recorded and

divided into 2 inch (5.1 cre lengths. The maximum and minimum points

in the middle 13 x 2 inch lengths are then used to plot a peak to

valley envelope over the total sample length. The MAA is the difference

in height between the average of the 13 highest points on the envelope

and the 13 lowest points.

Statistical techniques were used to evaluate such parameters as

asperity peaks, curvatures, surface heights, slopes etc. and form

probability distributions representing the frequency of occurence of

each parameter (Greenwood & Williamson 1966). The parameters so ob-

tained do not contain spatial information on the variation of surface

properties about the plane of the surface. The representation of

surface parameters spatially originated from random process theories

developed for the analysis of random noise (Rice 1944/5). This tech-

nique wzas appl,.ed successfully to surface profile analysis by Whitehouse

[ in terms of the avtocorrelation function.

70



The use of statistical and random process the'ories for representing

the surface as opposed to the profile was due originally to the classic

work on sea waves by Longuet Higgins (1957, 1962). This was later

adopted to solid surface topography by Nayak (1971).

The probability or distribution function P(r,) represents the

probability that the random variable Z(y) takes a value less than or

equal to . The probability function is the integral of -he prob- A

* ability density function p(z),

P( ) =W p(z) dz (5-3)

0

where is the measured height and Z is the corrected profile height.

The shape of the probability density function in terms of the

moment. of the function can be used to provide information on the be-

haviour of the process under investigatioi, . The first moment M,, where

= n p(z) dz (5-4)

is the mean or DC level of the profile. This is generally removed

prior to data processing and is therefore zero.

The second moment M is the variance a' which is the square of the

rms value or standard deviation. It is a measure of the spread of the

distribution and therefore of the data.

The third moment M3 is the skewness, which is useful for defining

variables with an asymmetric spread. It is conventional "o norm-1] ise
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3M thus

I f
where a is the standard deviation of p(Z). The symmetric Gaussian dis-I tribution, which is a good approximation for many surfaces' structures

(Greenwood & Williamson 1966) has a skewness of zero.

The fourth moment M4 is called the kurtosis and represents the

peakedness of the distribution. Distributions having a kurtosis greater

than k 3 are called Leptokurtic and those with a kurtosis k < 3 are

termed Platykurtic, where k is the normalised fourth moment

k~ = f j p(z) dz (5-6)

I -- 0

The symmetric Gaussian distribution has a kurtosis of k = 3.

The use of these higher moments to characterise a height distri-

bution is however limited because in assessing the significance of their

numerical values it is necessary to remember that they are themselves

distributed as the result of random sampling (Thomas & King 1978).

he statistical representation of the surface or profile heights

in terms of the probability density function p(Z) is known as the

: { ~ ~height distribution. In practice many surfaces have sy rn ia

Gaussian distributions of the form

1 - (z 2 /2o')
p(Z) - e (5-7)
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The distribution is constructed by plotting the nmber or propor-o

tion of surface heights lying in a height interval as a function of the

height. A convenient method of testing for 'normal' or Gaussian height

distributions is to plot the cumulative distribution on probability

graph paper; this is scaled such that a Gaussian distribution will

produce a straight line. The knowledge that a distribution is Gaussian

is useful particularly when dealing with random process models. The

'asperities on asperities' model (Archard 1967) which accounts for both

height and spatial properties of surfaces, combines the basic distri-

butions in a random process theory approach.

The outstanding problem in surface analysis is the representation

of spatial properties, i.e. how heights, slopes etc. vary with distance

in the plane of the surface. The spatial functions, such as the auto-

covariance function or in its normalised form the autocorrelation

function, the structure function and the power spectrum, offer a means

of representing the properties of all the wavelengths present.

The autocorrelation function (ACF) is simply the autocovariance

function (ACVF) normalised by the profile sample variance o (i.e. the

square of the rms roughness). Thus

R(T) C)/a (5-8)

where T = sampling interval, where the ACI7F is given by

L
Limit 15 9

C L C( ) - Z(y) Z(y + T) dy (59)

0

where L is the sample length.
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L A model found to fit the autocorrelation function for many random

surfaces is

{I: P,(T) = exp (-T/O*) (5-10)

-6 This has a correlation length of g 2.3 B" where I/$* is the decay

rate of the function at the origin. The correlation length a was

originally defined Dy Whitehouse and Archard as the distance over which

the autocorrelation function R(T) takes to decay to a value of 0.1.

The spatial variation can also be represented in the form of the

structure or variance function (SF) (Witehouse 1971, Sayles & Thomas

1977) defined for a surface as

S(r,O) = E {(z(x,y) - z((x,y) + r(O)))2} (5-11)

where E { } denotes expectation. Z(x,y) is the surface height at

coordinates (x,y) in the plane of the surface and Z((x,y) + r(8)) is

the surface height at a radialdistance (r) from (x,y) in a direction

(8). For a profile SF is simply

S(T) = {(z(y) - z(y + T)) 2 (5-12)

which in an integral form is

L

S Limit I (z(y) - z(y + T)) dy (5-13)
L 00 L

0

where 'y) is the distance along the profile and T the ordinate sep-

aration in the (y) direction.
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The function represents the mean square of the difference in heigt

expected over any spatial distance r.

The power spectral density function (PSDF) or pvver spectrum

represents the same information as the ACF or SF but in a different

form. The PSDF is generally given in terms of the ACVF:

I.

G(c)) = -fC(T) cos (WT) dT (5-14)

01

-where w is a radial frequency 21r/A and X is the wavelength. The PSDF

can also be obtained directly from the surface profile data through

the equation

G = fZ(y)ejwy dy (5-15).

-- - -



FIG 5-I THE BS. R.A. WALL GAUGE
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6.THE FLOW AALYSIS

6.1 Introduction

The flow channel is 30.5 cm wide with a maximum flow depth of 30 cm

and is supported at three points including two jacking points. The

jacking facility can be used, along with a control valve on the channel

inlet and a variable height weir on the channel outlet, to produce

flows at varying mean velocity and mean depth in subcritical or super-

critical regimes.

The regime of flow in a rectuangular chamnne! is defined by the use

of the non-dimensional Froude number, defined by F =U/gh where

U is the mean flow velocity, g is the gravitational acceleration, and

h is the depth of flow. From the dynamic considerations the Froude

number may be shown to be proportional to the ratios of a representa-

tive inertia force to a representative gravity force. Hence for a

liquid of constant density with a free surface the effects of gravity

on the fluid inertia are expressed by the Froude numiber F where the

fluid regime is defined as subcritical for F less than unity, and

supercritical for F greater than umity.

For the purpose of this investigation the flow is maintained

below its critical value in order to minimise flow instabilities and

secondary flow effects which are produced by:

(1) Misalignments of the glass panels and the steel sections

making up the sides and the floor of the channel respectively.
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(2) Non-uniform or disturbed flow, at the channel inlet.'I " I

(3) The introduction of flow measurement probes into the flow

1 regime.

4 The joints between the side panels and the floor sections are made

as unobtrusive as possib] to the flow by careful alignment and sub-

sequent smoothing out the joints with a filler.
Ii
I|
6.2 The preliminary flow study

6.2.1 The flow at the channel inlet

t

The flow system was initially operated with the flow issuing into
I
A the channel directly from the deturbulating tank (Figure 2-1). An

investigation of the flow conditions at various stations along the

I c.hannel showed the existence of large scale eddies which were producing

J transverse instabilities.

These flow instabilities were thought to originate from swirl

produced in the pipe upstream of the deturbulating tank in combination

with the multi-orifice discharge apparatus through a blanked-off tee

located near the bottom of the deturbulating tank. These were sub-

stantially reduced with the introduction of two honeycomb flow straight-

eners made from aluminium sheets, across the entire section of the

deturbulating tank. The honeyccmb flow straighteners are 5 cm thick

with a honeycomb diameter of approximately 1 cm. One of the honeycomb -

flow straighteners is positioned horizontally in the deturbul.ating

tank 40 cm above the inlet 'pepper pot' inverted T-piece whilst the
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other honeycomcb is positioned transversely at the channel inlet. The

net effect of these flow straighteners is to break up any large scale

eddies present in the deturbulating tank and broduce pseudo two dimen-

sional uniform flow at the channel inlet.

6.2.2 The side wall shear layers

The development of shear layers from the glass channel sides will

significantly modify_ the flow in a narrow channel by producing a con-

vergence effect on the free stream flow. Although a convergence term *

can be introduced into the flow analysis it was found that the magnitude

of the term, which is dependendent on measured transverse velocity

profiles at various stations along the channel length, had an unaccept-

ably high possible error. The convergence term is given a distance Xc

measured from the channel inlet which is estimated to be the flow

length over which the side wall shear layers develop and eventually

merge. Thus, to graphically estimate the distance Xc  from the appro-

priate transverse channel velocity profiles requires the flow to be

uniform potential flow at the measurement datum (i.e. at the channel

inlet) and also that the transverse profiles give a clear measurable

representation of the state of the side wall shear layer development.

Figure 6-1 shows a schematic representation of the nrocedure used to

interpolate the distance Xc from transverse channel profiles. Typical

measured transverse profiles are shown in Figures 6-2, 6-4 and 6-5.

6.2.3 The flow regime

An examination of the flow in the channel using the transverse

velocity profile data from the hot-film anemometer (Figures 6-2, 6-4

• Proc. Comput. of Turb. Bound. Layers, Stanford Univ. 1968
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and 6-5) showed there to be no appreciable growth of the side wall

shear layers in a 2.4 m length of the channel chosen to be the test

section for all subsequent measurements. Hence the flow analysis used

assuaes the growth of the shear layers over the channel's glass sides

to be negligible. Hence from 4.5 m downstream of the channel inlet to

6.9 m from the inlet a series of boundary layer traverses were taken
i=

to determine the variation of Cf along the channel centre line, for a

particular work surface and a particular set of flow conditions.

Thus from the initial investigaticn of the flow regime in the

channel a test section was chosen such that the flow in a volume 2.4 m

long, 30.5 cm wide and with a height bounded by the work surface and

the open surface of the flow is assumed to be substcntially an acceler-

ating two-dimensienal flow with a developing work surface shear layer

nd relatively unobtrusive parallel side wall shear layers.

6.3 The analysis

The flow analysis is divided into four sections, one section for

each of the four surfaces investigated.

6.3.1 Flow over a painted steel surface

It was decided initially to carry out a study of the flow over a

work surface consisting of three 6.1 m lengths of 0.5 inch thick shot-

blasted steel plate butted up end-to-end on the channel floor. The

surface finish consists of a brush-aplied coat of marine paint- over a

spray-applied coat of primer paint**.

* A thixotropic anticorrosion marine paint, Silver Primocon.

** A two-pack reinforced edge-type primer paint, Metagard G250.
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The larger capacity ptzmo B is connected into the channel system

and the smaller axial flow pump isolated. The radial flow pump B which

operates under conditions of a negative static suction head is primed

using a vacuum line connected to a compressed air driven air ejector.

: Prior to taking any flow m~easurements the system is purged of air

pockets and the hot-film sensor calibrated (see Chapter 3.21. By

! arrangement of the channel slope, weir height and pump outlet valve

setting a number of flow conditions are set up in the channel. The

flow analysis assumes the flow to be sub-critical at a constant depth,

and substantially two-dimensional.

Three sets of flow conditions were analysed in the present section,

namely flow conditions 1, 2 and 3. Tne flow parameters and values of

4 iCf determined from measurements along the centre line of the channel

flow control volume for each of these conditions are summarised in

tables 6-1 to 6-3. Transverse flow profiles for the flow conditions

are shown in Figures 6-2 and 6-3. The transverse profiles show a

pseudo free stream region across the middle two-thirds of the flow

where the measured mean flow velocities may fall off to 90 per cent of

the maximum velocity recorded.

The range of Reynolds number over which the flow measurements
*I

could usefully be taken was limited chiefly by the constraining effect

of the channel sides, causing significant departures from the assumed

two-dimensional flow. Gravity surface waves were also encountered

immediately dounstream of the honeycomb sheet at the channel inlet.

The amplitude of the surface waves, for a flow Reynolds number of

5.3 x 106 and a depth of flowr of 24.5 cm was negligible over the test

section, which corresponded to the maximum Reynolds number attained

NI
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in flow 3 (Table 6-3) with a froude number of 0.53. A typical value of

over the test section for flow 3 was 7 cm, which leaves the remaining

two-thirds or more of the flow to attenuate any surface wave effects On

the boundary layer develooment. At Reynolds numbers much greater than

5.3 x 106 the flow regime begins to significantly break away from the

simplified model which the flow analysis requires. The calculated

values of the local coefficient of surface friction are consistent with

those based on the mom.entum approach and are approximately equal in

magnitude to the published values for hydrodynamically smooth surfaces

(Schlichting, 'Boundary Layer Theory').

The scatter in the deduced values of the flow parameters and the

low values of H, the shape factor, are thought to be a consequence of

calibrating the flow measurement instrumentation in a flow environe--nt

dissimilar to the one in which it is to be operated. The hot-film

probe is calibrated on the centre line in smooth tuebulent pipe fl-w

at pipe Reynolds numbers between 3.7 x 101 and 16.2 x 101 corresponding

to a range of centre line velocities between approximately 25 cm/sec

and 100 cmsec. the hot-film probe is operatel in open channel flow

at varying distances from the work surface and therefore varying

turbulent intensity at channel Reynolds numbers ranging from 2.3 z 106

to 5.3 x 106. The degree of turbulence will depend on the roughness

of the wall and the distance from the wall.

The hot-film anemometer is assumed to have a linear response to

values of mean streamaise flow velcities u measured at points ranging

from adjacent to the channel floor to the free-stream region of the

channel flow. The flow velocities, so determined, range from a minimum

of approximately 10 cm/sec within I mm of the channel floor to a

maximum of approximately 80 cm/sec in the free stream.-I
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tThe determinati.on :f C~ using the m entium integral equation

requires the eval uation of thw two integrals for momentum and dis;olace-f

r.e nt thickness over tne boundary layer thickness 6 The integrals

are inherently very sensitive to measurement inaccuracies in the inne-rI

regions of the boundarv layer. With the instrumentation used, errors

in the determination of z and u are unfortunately at a maximum in this

f critical region near the solid-liquid interface.

6.3.2. Flow,. over a g~ravel-surface

The second surface flow regime to be examined consisted of flaw

-over the channel floor covered-With a closely packed layer of gravel.4

To reduce any movement of the gravel to a minimum the free stream

velocity of the flow was reduced by isolating the larger capacity pum 'p

B and connecting inothe channel system the smaller capacity axial

flowa pump A. Prior to any flow measurements the hot -film sensor as

re-calibrated and the system purged of any air pockets by throttling

back the flow at the channel inlet valve and opening ventsi h vr

head pipeline, the channel slope, weir height and channel inlet valve

R were readjusted to produce the desired flow conditions and then the

boundary layer velocity profile samrpled at 5 stations alonc te channel

test section. Tins subsequent flowi analysis is sumarised in Table 6-4-

Transverse flow profiles are shown in Figure 6-4 These show

a pseudo free stream region across the middle two-thirds of the flo.;

where the measlured mean flow velocity may fall off to 80 per cent of-

the maximum velocity recorded.

V The f-low paxemneters are de4termined for ellannel Reynolds n=?,-ers,
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P. agin frm 15 x10~ to 2. 4 x 106
C? ranging from 1.5 x corresponding to free stream

velocities of 36.7 cm/sec to 38.8 cm/sec respectively. The flow was

well below the critical Froude value and there were no detectable surface

waves. The flow depth was 15.5 cm and the measured boundary layer

velocities range,3 from a minimum of I cm/sec adjacent to the gravel

surface to 38.8 cm/sec maximum in the free stream. The determined

shape factors H show the flow to be separated and the values of C

from the momentum integral are consistant with flow over a sand roughened

plate for x/ks  1500 (Schlichting) where k is the grain size.

Hence for x = 570 cm this corresponds to a grain size of approximately

4 mm which is consistent with the surface analysis of the gravel

(Chapter 7).

6.3.3 Flow over a ship hull replica

Aftei removing the gravel from the channel floor the 4.8 m long

replica of the hull surface, described in the surface analysis Chapter

7, was lifted into the channel and positioned on the channel floor with

its upstream end 3.0 m from the channel inlet. The replica fitted

tightly between the channel sides and any small gaps were filled with

waterproof filler. An aluminium tapered leading edge similar to one

positioned against the upstream end of the three steel plates was posi-

tioned at the upstream end of the replica, the tapered upstream insert

caused a gradual change in the invert level, i.e. between the channel

floor and the superposed replica. An abrupt change would undoubtedly

cause a local disturbance with perhaps a separation bubble. A tapered

section was also positioned downstream of the hull replica, again to

obviate any abrupt changes in the flow which would engulf part of the

flow over the replica.
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The replica was positioned on the channel floor such that the test

section was sufficiently downstream of the replica:s leading edge and

upstream of the trailing edge to eliminate any streamwise acceleration

or deceleration effects. Transverse flow profiles were taken at stations

along the replicas length (Figure 6-5) and these show a pseudo free

stream region across the middle two-thirds of the flow where the measured

mean velocities may fall off to 90 per cent of the maximum velocity

recorded.

As with the steel plate surface the larger capacity radial flow

pump B can be used for the flow over the replica surface and the smaller

axial flow pump A isolated. With the possibility of precipitating

disturbances at the leading edge of the replica's surface, it was deemed

appropriate to investigate the flow conditions immediately downstream

of the replica's leading edge (Table 6-5).

The preliminary study of the flow pattern on the upstream part of

the replica's surface showed no measurable detrimental effects. Hence

with the chosen flow conditions a series of 9 boundary layer profiles

were recorded along the working surface test section. A summary of the

subsequent flow analysis is given in Table 6-6. The dete_-mined values of

the local coefficient of surface friction, using the momenW.x, integral, i
approximate to published values for flow over hydrodynamically smooth

surfaces (Schlichting 'Boudary Layer Theory'). The mean value of the

shape factor, H, of 1.4 shows the boundary layer to be well below flow

separation and the mean value of the Froude number of 0.4 agrees with

the tranquil visual appearance of the flow.
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6.3.4 Flow over a coated shio hull reDlica

= The final surface/flow combination studied in this investiqation

used the 4.8 m long hull replica with its surface covered with a brush

applied coat of thixotropic anti-corrosion marine _aint* (See Chapter

7.6.1). The flow system was operated under identical conditions to the

flow over the uncoated replica's surface and a series of transverse

flow profiles are recorded (Figure 6-6). Boundary layer traverses were

taken at the nine stations along the test section and the resulting

flow analysis is summarised in Table 6-7. The magnitudes of the Cf

values determined from the momentum integral approximate to those for

the uncoated replica surface. An inspection of the surface analyses

(Chapter 7) for these two surfaces shows there to be a relatively small

difference in the surface geometry with respect to the overall geometry

of the surfaces.

6.3.5 The determination of Cf

To determine the local values of the coefficient of surface fric-

tion it is necessary to determine the free stream velocity and momentum

thickness gradients along the test section for each flow/surface in-

vestigated. Hence, best fit lines are drawn through the momentum thick-

ness and free stream velocity data for each flow system, and the re-

spective gradients used in the analysis. Plots of free stream velocity

versus streamwise distance, x, and momentum thickness versus x, are

shown in Figures 6-7 to 6-10.

The error bars on the free stream velocity plots show a total

possible error of 2.5 cm/sec on the calculation of a free stream

* Silver Primocon marine paint
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velocity value, taken as the maxim-um difference between five current

meter readings. The error bars on the momentinm thicl.ness plots are made

up of the errors derived from the integration-by-strips method of

determining e and the error derived from the location of the y origin

on the velocity distribution. Hence each value of momentum thickness,

so determined, has a possible error of 0.05 cm.

The plots force the experimental data onto best fit straight lines

and hence make the assumption that both the free stream velocity and

momentum thickness vary linearly along the channel length.

Variations in the boundary layer thickness and the possibility of

deviations from two-dimensional flow will produce significant errors in

the determination of the flow parameters. A simplified picture of the

turbulence intensity across the measuremA boundary layers can be pro-

duced by displaying the alternating anemometer bridge voltage from the

hot-film probe on an oscilloscope. The degree of turbulence will

depend on the roughness of the wall and the distance from the wall.
iH

An oscilloscope with triggering, storage nnd camera attachment

facilities was used along with a polariod camera to record the altern-

ating component of the CTA bridge voltage. Hence a series of pictures

was taken 'Df the alternating component of the CrA bridge voltage for
-1

the hot-film probe positioned at points across the working surface

-shear layer. Thn photographs were taken with the hot-film probe

positioned 6.9 m from the channel inlet, above the coated replica work

surface. The oscilloscope time base was set on 5 m sec and the verti-

cal magnification on 0.1 volt/division. Hence Figures 6-11a to 6-11h

show the low 'turbulence' level in the region very near to the solid
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surface, the increased turbulence level further away from the wall in

the turbulent shear layer, and the lower turbulence intensity in the

free stream region. In contrast to the varying degree of turbulence

in the channel flow, the hot-film aneometer probe is calibrated in a

situation where the intensity of turbulence is at a minimum at the

centre line in smooth turbulent pipe flow. Hence there will be an

element of uncertainty in the interpretation of the anemometer bridge

voltage as the probe is travers'd through the channel floor boundary

layer. This will add to uncertainty in the calculation of Cf.

The location of the origin of the z axis on the work surface is of

special interest in this and other similar analyses. For set conditions

of flow over a smooth flat surface, the plane of the surface can be used

as a datum from which the boundary layer velocity profile can te

measured. Since all points on the surface are on the datum, then the

flow velocity at any point in the flow will be related to the distance

z measured from the plane.

For a rough surface a best fit plane can bc fitted through the

surface, but not all the points on the surface will be on the plane.

Hence, if the plane is used as a datum, the origin of the datum will

not always coincide with points on the surface. The choice of reference

plane must somehow be related to the interaction between the fluid flow

and the rough surface. For example, a surface with a relatively large

value of mean slope may have steep sided peaks between which the fluid

will be relatiely unaffected by the stream.ise fluid motion. Pools

of fluid will occupy the valleys between these steep sided peaks, with

the bulk of the fluid shearing over the tops of the surface peaks and

these pools. Hence, a suitable datum would seem to be definable by a
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flexible pane or line which is forced to lie across the tops of the

surface peaks. The pzoblemn then is to decide when the geometry of the

surface is such that the fluid flow near the surface cannot be adequately

represented by the viscous shear approach. The scale and intensity of

turbulence near to the solid surface, the values of the local surface

slopes and curvatures and the distance between the surface peaks may

well be important in deciding the shape of the surface datum..
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7. THE SUI FACE -_IL' - TS_

7.1 Introduction

In this investigation tests have been carried out on various

surface geometries wh-ch. make up the floor of a 17.4 m lena glass-sided

flow channel (Figure 2-1). An attempt is made to relate a section or

sections of the snectrum of surface wavelengths present to changes in

the flow regime resulting in relatively large increases in the surface

frictional resistance. The study is divided into two main sections:

the measurement and analvsis of the channel floor surface geometry and

the measurement and analysis of the fluid flora over the channel floor.

The results of both sections are then brought tocther and the inter-

relation of the surface geometry and frictional resistance deduced.

7.2 Preliminary roughness measurements on shin hull surface

replicas

Surface measurements were taken on two surface replicas and the

subsequent statistical analyses of the surface were used to help

identify significant characteristics of the type of surface under

investigation. The first of these replicated surfaces was a positive

acrylic replica taken from a heavily corroded ship hull by the British

Ship Research Association (BSRA).

A network of 50 mm long surface profiles was recorded using the

Talylin stylus instrument connected to a data logging systm. The

surface measured apprcximately 15 cm by 30 cm. A specially designed

stylus is used for these relatively rough surfaces, the stylus having

111
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an included angle of 30 degrees and a tip width of 460 jum. The electri- T
cal output from the stylus instrument is digitised and recorded on

punched paper tape for computer analysis, the results of which are

given in Tables 7-1 to 7-8 and Figures 7-1 to 7-3. The analyses show

the surface peaks to have a much higher radius of curvature than the

valleys and the height distributions to be negatively skewed. These

results are typical of a profile which has lost its peaks ii, some way.

The most common explanation for the removal of peaks is given in terms

of some kind of wear mechanism (Thomas 1972). The peaks will be worn

down towards their broader bases increasing the distance across the

peak, whilst the valley will be relatively unaffected. The peaks'

higher radius of curvature and the negatively skewed height distribution

can also be explained by the modification of the surface by the repli.-

cation process. The physical properties of the replication material

may be such that it cannot exactly follow the contours of the specimen

surface, bridging valleys or building up on the shoulders of peaks.

The second replica surface consisted of a positive resin replica

taken from the hull of a Shell. oil tanker. The amplitude of the

surface features was such that the Talylin instrument using both the

standard stylus and the specially designed stylus was incapable of

recording the large height variations encountered on the surface.

i Hence an extension stylus with a ball end of 1.6 mm was constructed 7

producing a 2:1 lever reduction on the standard stylus. The maximum H

stylus traverse length was reduced by half to 50 mmn which coincided

with the reference length used by the BSRA Wall Gauge (Canham 1956). A

The stylus was used to record ten 50 mm profiles from the surface.

The measurements consisted of two parallel traverses along the length

of the replica each made up of five consecutive 50 mm sample lengths. -111i °
° ° !I
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A summary of the analyses of the ten sampki lengths is given in

Tables 7-9 and 7-10. The results again show the mean peak radius of

curvatures to be greater than the mean valley radius of curvatures,

hence the peaks are more rounded than che valleys.

The measurement of replicated surfaces is often found to be the

only practical method of carrying out a comprehensive analysis of a

surface, as has been the case for ship hulls, whose inaccessibility

and surface condition is such that the necessary delicate electronic

surface measuring equipment is generally inoperative in such conditions.

The need for measurements on actual ship hull surfaces is underlined

here by the inconclusive analyses of the replicated surfaces. Hence

new surface measuring instruments are required which are capable of

working in various orientations, unaffected by possible contact with

salt water and marine growths, and capable of providing the information

necessary for a comprehensive surface analysis.

7.3 Surface measurements on detachable ship hull plates

Surface measurements were carried out on four specially painted

steel plates before and after their attachment to the bilge keel of a

supertanker for the duration of a 6 month deep sea voyage. These

I 1
measurements were primarily to investigate the surface properties of =

a specific marine paint under the action of fluid flow. The paint

used, produced by Internation Marine Coatings, is specified as a 'self-

polishing' marine paint. Under the act'.on of fluid flow over the

coated surface, the tops of the highest surface peaks are 'polished' .

down whilst the valleys, protected by adjacent peaks, are relatively

unaffected, resulting in an overall reduction of the surface roughness. -1

-~-'I
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The specimen plates used were 100 cm long by 70 cm wide. Three of"

the plates were roughly painted to simulate a typical in-service re-

painting whilst the fourth plate was smoothly painted. Two traverses

using a Talylin stylus instrument were taken on each plate as shown in

Figure 7-4. Each traverse is m.ade up of between 9 and 11 consecutive

50 mm gauge lengths which are analysed separately. The standard Talylin

-stylus, a steel chisel with a radius of curvature of 0.6 - 1.2 mm could

be used on the smoothest plate whilst for the other three roughly painted.

plates the coarser stylus with a ball end of 1.6 m diameter was used

(see previous surface measurements, Section 7.2). A summary of the

subsequent surface analysis is given in Tables 7-11 to 7-14. In each

column the first figure is the average for all the 500 mm gauge lengths

in that traverse; the second figure (in parentheses) is the standard

error of the mean; the third figure is the number of gauge lengths

2 averaged over. The results from the two parallel traverses on each

plate are reasonably self-consistent on all plates except MIBI. This

is true both for the initial and later results, and is a good indica-

tion that the surfaces are homogenous.

The smoothest plate, MB2, does not appear to become any smoother,

in fact its CLA roughness has increased (Table 7-11), while the peak

and valley radii of curvature increased by between 1 and 3 times.

The figures for the slopes are not very informative, since one has

increased while the other has decreased. The other three plates

(Tables 7-12 to 7-14) become smoother by a consistent 70 to 80 per

cent. Each of the three roughness parameters CIA, RMS and lMA show

this effect to nearly the same degree. Their mean slopes are lower by j

70 to 80 per cent and the peak and valley radii of curvature are higher

by factors of between 1 and 8.

114N



In Figure 7-5 cumulative surface height distributions are plotted _

on a normal probability scale and it can be seen that the earlier dis-

tribution is much rougher over the upper portion of the surface than

over the lower. This result agrees with its visual appearance as a

relatively smooth plane covered with raised droplets of dried paint.

The later distribution, though overall much smoother, shows a similar

trend, suggesting that the loss of roughness is not necessarily all at

the peaks. Other evidence which suggests this is that the increases

in peak radii of curvature are no greater than the increases in the

valley radii of curvature. The computed values for the power spectral

density functions, derived from the autocovariance function are shown

in Figure 7-6. The figure shows the drop-off in power of the wave-

lengths present on one of the roughly painted plates, MT1, after the

ocean voyage in comparison to before the voyage.

The above results show that the marine coating used has the useful

hydrodynamic property of its surface becoming smoother with the action

of fluid motion. Thus, a hull surface may be rapidly recoate in dry

dock and the resulting uneven surface finish will become smoother whilst

the ship is in service. This is a much more economic method of pro-

viding a smooth surface finish than by producing the same surface in _Z1

dry dock.

The afore-mentioned results from the coated detachable ship hull

plates can be explained by the following hypothesis: When the roughly

coated surfaces are placed in situ on the ships hull, the highest peaks

Aof the coating may protrude through the quiescent inner region of the

ship's boundary layer. The summits of the highest peaks will subse-

quently be exposed to the relatively violent action of the outer turbu-

a 115
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lent flow. The smaller peaks and the surface depressions, enveloped by

the inner viscous layer, are protected from the wearing action of the

turbulent outer flow and so will remain unchanged. The properties of

the coating are such that the fluid action will produce a surface with

an overall reduction in the msan value of roughness.

Thiq implies that the viscous layer adjacent to the specimen sur-

face has a thickness comparable to the surface roughness amplitude.

In fact, the final value of the average or rms roughness amplitude will,

if the polishing mechanism is correctly explained, give an indication

of the thickness of the viscous layer adjacent to the specimen surface.

The mean value of the rms roughness of the surfaces after the ocean

voyage is approximately 15 gm, hence if all the surface features pro-

truding through the viscous layer have been removed then the thickness

of the viscous layer is in the region of 15 Am.

7.4 Introduction to the measurement of the channel test surface

geometry

The initial channel floor working surface consisted of three

lengths of half inch thick shot-blasted steel plate butted up end to

end along the flow channel. A selection of surface measuring instru-

ments were used to record as wide a spectrum of surface features as

possible. In this way as much information as possible about the surface

geometry can be made available for an analysis of the work surface.

7.5 Surface measurement instrumentation

*_; Tne measurement procedure was such that the longer surface fea-
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tures were investigated initially and then instruments capable of

recording surface features of decxzasing dimensions were employed.

(a) The TalyvelI electronic level is used to record profiles

along the entire length of the channel floor. The Talyvel has a samp-

ling interval of a few centimetres and a sampling length of up to the

total length of the work surface. The instrument measures the inclin-

ation of a surface, upon which its feet are resting, by means of a sus-

pended pendulum whose flat top rests against two variable inductance

transducers. The transducers provide an electrical displacement signal,

related to the tilt of the pendulum, which is amplified and applied to

a centre-zero meter. The instrument is traversed along the channel

centre line in steps equal to the mean separation of the feet, 9 cm.

The inclination of the surface is measured in units of inches of in-

clination per inch and a small computer program is used to convert

these into height readings.

(b) A dial gauge, held in a magnetic clamp with its measuring

probe perpendicular to the work surface, is used to record spot heights

on the surfiace relative to a 122 cm long straight edge laid lengtlwise

along the centre line of a section of the work surface. The dial gauge

is used to record surface features of horizontal dimensions from a few

millimetres to tens of centimetres in length.

The dial gauge has a ball end measuring head with a diameter of

2 mm. One small division on the d~il scale represents a vertical move-

ment of 2.54 Jin.

:jj

* Talyvel is a Rank Taylor Hobson instrument.
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(c) Measurements can also be taken along the entire length of the

work surface using a inechanical stylus instrument, the BSRA wall gauge.

The gauge consists of a metal stylus, in contact with the surface,

connected by mechanical linkage to a smaller stylus. The smaller stylus

duplicates the motion of the larger stylus by scratching its path onto

a graphite coated glass slide, the length of the recorded profile is

reduced by a factor of 10, whilst the transverse motion remains at

unity. The motion of the stylus is relative to a track-way magneti-

cally clamped to the work surface upon which the gauge, mounted on

wheels, is manually propelled.

The recorded surface profile can be analysed by projecting the

magnified image of scratched profile onto a digitising table connected

to a paper tape punch. The sampled height readings can then be

computer analysed to give a measure of the surface roughness.

(d) A Ferranti three-axis measuring table is used to measure

spot height profiles for surfaces which have a variation in heightsiM
too great to be recorded by the afore-mentioned instrum.ents. The

tapered steel measuring probe has a tip radius of approximately 500 Jim.

The probe is held in a chuck along the vertical axis of the measuring I

table. The probe can then be traversed along the three axes manually

to any position on the work surface placed on the measuring table below i
the probe. A series of traverses can be taken across the work surface, -4

for which the probe is moved horizontally in convenient step lengths

and the probe lowered to cone into contact with the surface at each

measuring point. The orientation of the probe relative to the thrCe

axes can be read off from three digital displays which are connected i
to a print-out unit which automatically records the relative position

of the probe on punched paper tape.
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t (e) Three electronic stylus instrunents* were available to

measure the relatively small surface wavelengths in the range from a

few micrometres to a few centimetres in length. A typical stylus

I instrument (Figure 7-7) consists of a pick-up driven by a gear box

which draws the stylus across the surface at a constant speed. The

stylus is connected to a transducer which converts its vertical movement,

relative to some datum, into an oscillating electrical signal which is

then electronically amplified. The output can then be either fed to a

chart recorder for a profile trace to be made, or it can be digitised

and stored on punched paper tape for a subsequent computer analysis.

The Talysurf and Surfcom stylus instruments are such that for this

investigation they can not be used in situ on the channel floor and

hence a representative piece of the channel floor su.'face had to be

brought to the instruments for measurements to be taken.

7.6 The measurement and analysis of the surfaces under investi-

gation

7.6.1 A preliminary study of the means available to alter the

geometry of a surface

In order to correlate surface parameters with related flow para-

meters it is essential to have a means of producing a variety of work

surfaces with predictable trends in their overall geometry. Applying

successive coats of paint to a surface was though to be a possible way

of producing a number of surfaces with differing surface features.

* The Talylin 1 and the Talysurf 3 stylus instruments produced by Rank
4Taylor Hobson and the Surfccm produced by Ferranti.
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Hence a study was carried out to examine the changes in the stat-

istical microgeomietry of a steel surface with succesnive coats of paint,

using a stylus instrument. Preliminary neasurements on the coating

material* showed the stylus instrument to be capable of recording

accurate profiles of the coating surface. The subsequent measurements

showed that on the application of the initial coat of paint the surface

roughness decreased substantially, whereas on further application of

paint the surface roughness does not change by anywhere near the initial

amount.

The results are given in full in Appendix 3, as published in the

Journal of Coatings Technology, August 1978.

7.6.2 Looking into the possibility of damage caused by stylus

instruments on coated surfaces

The diamond stylus of a Talysurf 3 instrument was drawn across

the surface of a coated** glass slide and a Vickers high power micro-

scope used to view the area of the surface traversed by the stylus.

A mark left by the stylus could be detected and an approximate value

of its depth was obtained using the microscopes calibrated micrometer

scale. By focussing on the top and bottom of the stylus mark the

depth of which was found to be approximately I pm.

A light-section microscope set on x400 magnification is used to

view the section of surface over which the stylus has passed. Any

* Silver Primocon marine paint.

** The coating consisted of a dip-applied coating of Silver Primocon

paint, applied twenty four hours previous to the investigation.
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mark lefL by the stylus %Mas undetected, henee from a knoleedae of the

resolution of the microscope it is possible to approxi:ate the depth cf

the previously detected stylus mark. Assuming the resolution of the

microscope is limited by the thickness of the light irage line, then

the depth of the stylus mark must be less than the microscope's reso-

lution for the mark to be undetected, that is, less than 2 !im.

The coating thickness was measured using a Talysurf 4 stylus

instrument connected to a chart recorder. The stylus was traversed

across the surface of a glass slide, half of which is coated. The

traverse was taken in order to record on the chart recorder the path of

the stylus across the coated surface z,,d onto the uncoated part of the

slide, from which the coating thickness was found to be approximately

13 gm.

The Vickers hardness of the coating, determined using a Leitz

Wetzlar Hardness Tester was approximately 50 cn the hardness scale.

7.6.3 The painted steel surface

The surface consists of three, 0.5 inch thick, shot-blasted steel

plates with a spray-applied coat of primer paint* and a subsequent

brush applied coat of marine paint**.

The Talyvel electronic level is used to record a profile along

the centre line of the channel floor. The surface is sampled along

* A two pack reinforced edge type primer paint, Metagard G250.

•* A thixotropic anticorrosion marine paint, Silver Primocon.
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its entire length of 17.4 n at sampling intervals of 9 cm, 203 sanDles

in all. The statistical analysis of the sampled heights is suarised

in Table ,-15. The recorded profile is shown in -Figure 7-8.

The dial gauge, held in a magnetic clamp, is traversed across a

section of the work surface and the surface heights sampled at 5 mm

intervals. A 122 cm long engineering straight edge laid along the

specimen section of the surface is used as a datum for the dial qauge

readings. The magnetic clamp holding the dial gauge in contact with the

surface is moved along the length of the datum and the saroled heights

recorded manually on punched computer cards. The dial gauge ball end

measuring probe, 2 mm in dimmeter, is traversed over a total sample

length of 114 cm resulting in 228 sample heights. A visual inspection

of the surface showed it to be sufficiently homogenous, 'tithin the

range of surface features measured by the dial gauge, to alluv- a i

measured section of the surface to be treated as representative of the

surface as a whole. The subsequent statistical analysis is su.-arisr-d

in Table 7-15.

The BSRA wall gauge is used to record a series of 26 consecutivre

surface profiles. The sample length of each profile is 63.5 cm and

the measuring probe has a diameter of 1.6 mm. The surface profiles

are recorded on standard glass slides coated with colloidal graphite,

the profiles having a 10:1 horizontal reduction. The results of an

analysis of the profile data is given in Table 7-16.

E The Talylin stylus instrument is used to record profiles at a

number of positions on the work surface (Figure 7-9). The stylus is

conical hardened silver steel with a tin diameter of 0.46 mm. A sample



length of 10.2 cm is used with a sampling interval of 190 pim for each

of the recorded profiles. A summary of the statistical analysis for

the surface is given in Table 7-15.

A small sample of the painted steel surface, approximately 15 cm,

is pioduced so that it can be fixed to the bed of the Talysurf 3 stylus

instrument, for subsequent measurement. A sinale sample is taken from

the downstream end of the steel plates due to the destructive nature of

this measurem.ent. The measurement on the sample is assumed to be re_-

resentative of the surface as a whole and this is to some extent justi-

fied by the homogenous appearance of the painted steel surface. The

Talysurf stylus, in the form of a truncated diamond pyr-nid of tip

dal.ensions 8 gm by 2.5 gim, is traversed across the surface for a sample

length of 8 mm. The analysis of the measured profile is su"marised in

Table 7-15.

Figure 7-10 shows a single plot of the power spectral density

V functions computed from the measurements made by the various surface

instruments used on the nainted steel surface. The curve is a reason-

able fit to the inverse-square law for a surface with a gaussian height

distribution.

The analyses as a whole (Table 7-151 show the measured peak a nd

valley curvatures and surface slopes to decrease with increasing samp-

ling interval and sample length. This is because unlike true random

data which nas limits of plus and minus infinity, surface heights are

distributed within a relatively narrow band governed by the, mechanical

properties of the constituent material and the surface function.

Similarly the RMS roughness increases with increasing samiling intey-rval

and sample length.
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7-6.A The gravel sur; ce

A specimenr of the gravel surface was made up by bonding a closely

packed laver of gravel to a rigid backing su~rface Producing a surface

30 cm2 . it was not posssible to record the relatively large surface

slopes present on the grave' surface with the conventional surface

measu-em~ent instrmentation. Hence, the specimen surface wa - placed on

a Ferranti three-axis measuring table and a profile -:f the surfaza re-

corded on puznched paper tape. The samplIe length used is 27 cm wi.-th a

sampling interval of 1 =a. A su-n-nary of the statistical analysis of

the recorded porofile is given in Talble 7-17. The recorded Drofile is

shiovw in Figure 7-11. The distribution of surface slopes is shown in

Figure 7-13 and the distribution of curvatures in Figure 7-12.

7.6.5 The ship hull replica surface and the coated repli-ca surface

The rplicaoflie ship hull surface was produced using a two-

stage replication procr ss perfected by Shell Research Ltd.

The technique involves clamping a framework: to retain the repli-

cation material, against a verti-cal flat section of the dry docked ship

hull. Neoprene rubber solutiLon i-s poured into the space be-tween the

hull and the framew'ork and cures whils-t constrained to take up the

geomet~ry of the hull surface. The surface replicated was taker. from

the side of a badly corroded hull.I The resulting 'negative' replica of the surface, approximately

3 cm thick by 5 m long by 0.4 m wide, is peeled away from the mating I

hull surface after removing the constraining raewc.The first
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stac(-e of the replication pro-~s a the be- trlp ore f rom ther'

dock to the laboratory containing the flow analysis equipr..ent. A flat,

levelled, wooden base was maade up on the la-boratory floor and the neo-

prene nee, reolicated surface upard.t, placed on it. A closely

Sfitting framework was bolted around the edoes of the neonrene renlica

to form the sides of an open-topped reservoir into which a laye~r o f-

resin* is poured. The resulting resin cast (Figure 7-14), approximatelv

I 1:.5 cm thick by 483 cm long by 30.5 cm wide, is allowed to harden for

7 days and then carefully pulled away from the neoprene negative.

The underside of the resin cast forms the nositive renlica of the

hull surface, hence the un-turned cast can be lowered into the flw 4
channel to form the work surface. The mass of the replica plus its

flexibility allowed it to take the form of the channel floor, producing

a rigid surface.

A statistical analysis of rhe replica surface is comnputed for each I
of four inst-ments capable of recording a wide range o the surface I

features. The hull replica is investigated both for its untreated

surface and with a coat of paint applied to the surface (see Chapter

7.6.1). Hence for each surface, dicitised profiles were recorded using: J
A

(1) A Talyvel electronic level is used to record 3 parallel pro-

files along the entire length of the surface. The traverses are taken :

8 cm and 17 cm from the front channel side (see Figure 2-1) arid 6 cm

from the rear side of the channel. The recorded profiles ar- snown

in Figure 7-15 for the virgin replica surface and the analyses for the

virgin replica surface and the coated reolica surface are s ried

in Talbles 7-18 and 7-19.

* Shell Chemicals: Epikote 816 with Epikure 3TV.
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(2) The dial gwuge plus datum aie used to record thrce 118 cmn long

profiles spaced out along the length of the work surface, moving to-

wards the channel inlet. The first profile started at the oute. erd

and 15.9 cm from the front side of the flow channel. The second profile

started 192.7 cm from the outlet end of the replica and 11.1 cm from

the front s.de of the channel. The third profile was taken 360.7 cm

from the outlet end of the replica and 9.5 cm from the front side of

the flow channel.

1 3
The recorded profiles for the untreated replica surface are shown

in Figure 7-16 and a summary of the analyses for the untreated replica

surface and the coated replica surface is given in Tables 7-18 and 7-19.

(3) The Talylin instrument is used to record surface features

measuring from a few millimetres in length to a few centimetres. The

standard Talylin stylus cannot faithfully reproduce the relatively

rough surface o. the replica. Although the standard stylus could not

be used, the specially constructed extensioi, stylus (Chapter 7.2) could

be suc :ssfully traversed across a specimen piece of the replica approx-

imately 15 cmi9. Prior to the measurements the specimen surface was

securely mounted on a relocation table (Williamson & Hunt 1968). The

relocation table allows repeat profiles to be recorded along the same

section through a surface and hence record the changes in t-he surface

with the application of paint (Figure 7-17). The paint is applied by

brush, hence profilcs wcre also recorded across and along the visible

brush marks (Table 7-20). The results of the analysis of the reloca-

ted profiles are summarised in Table 7-21.
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(4) Til Surfcom stylus -instriment is used with the ielocation

table to record relocated profiles of the change3 in geometry of a

section through the replica surface with the application of paint

(Figure 7-18). Two profiles are also recorde ' along and across the

brush marks left in the coated surface. The results of the analysis

for the relocated profiles are summarised in Table 7-22.

The measuring head of the Surfcom consists of a diamond stylus

with a 3 pnr tip and a loading of 0.5 gram. The instrument is used with

a sampling interval of 100 pm and a sample length of 2.5 cm. The

vertical magnification is on its lowest setting of x200 and the horiz-

ontal magnification is xiO.

The combined analyses for the replica surface and coated replica

surface data are shown in Tables 7-18 and 7-19 respectively. The

results show the RMS roughness of the coated surface to have increased

by approximately 5 per cent for sample lengths of 2.5 mm and 10.2 cm.

Since a reliable and rapid measure of the change in roughness of a

surface can only be gained from repeat measurements through the same

section of the surface, the measurement results for sample lengths of

1.18 m and 4.83 m can be neglected in a comparison of the surface

roughness. The measurements in fact show a RMS roughness increase of

10 per cent and a decrease of 10 per cent fc the sample lengths of

1.18 m and 4.83 m respectively.

=The values of the measured slopes and curvatures for each surface

decrease with increasing sampling interval and sample length, with the

exception of the 2.5 mm sample measurements. The maximum vertical

movement of the 2.5 am cut-off instrument is such that a relatively

127



- - - ---. I_-- ... .. ...... .. . . ..

smooth section of the sarface had to be chosen for a co-0plete profile

to be successfully recorded, hence the artificially 3ow values for the

surface slopes.

The distributions of profile slopes and curvatures are shown in

Figures 7-19 and 7-20 respectively. The distributions are for a sampleNN

length of 5 cm and the solid lines show the uncoated replica surface

whilst the broken lines show "he coated surface. There is little diff-

erence between the distributions for the coated and uncoated surface. -
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FIG 7-4 DETACHABLE SHIP HULL PLATE
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TABLE 7-16 ANALYSIS OF SURFACE RECORDS FROM
TRAVERSING THE B.S.R.A. WALL GAUGE OVER THE
PAINTED STEEL SURFACE

record number Mean Apparent Amplitud
j" ,.-,mptil, ude

MAA(pm)
" 56°

2 69
17 71
18 69
19 83
20 60

21 27

22 39

23 47

24 30
+ 55 mean

19 t ,,ndrd dviation

S E Ime enc th -50ram.
bait-ended probe 16rm. diameer
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THE SURFACE A-NLYSIS/FLOYW ANALYSIS CORPELATION

The experimental. flow data for the test surfaces is plotted using

the inner law for the boundary layer velocity distribution (Figure 8-1). I

The plot shows the existence of the logarithmic region in the mean

velocity distributions. The gravel surface data is displaced downwards

by an amount Au/uT, dependent on the roughness Reynolds number (Musker

ewkowicz 1978). The painted steel surface and replica surfaces

-t- .oth lie on the well known universal curve for smooth walls

(Clauser 1954). The values of C determined for the paint steel and
f

replica surfaces agree with the inner law plot, but the surface analyses

show the replica surfaces to have R values for a sample length of
a

1.14 m, of approximately 10 times that of the relatively smooth painted

steel surface (Table 7-15). The curvatures and slopes for the replica

profile are approximately 20 times the magnitude of the curvatures and

slopes for the painted steel surface.

The gravel surface has a CLA roughness of approximat-'ly equal

magnitude to the replica surface for comparable sample lengths. The

mean peak curvature for the jravel profile measurement is 70 times that

of the replica profile for a sample length of 1.14 m, whilst tile grand 2fl

pro: ,;le mean valley curvature and profile slopes are 40 times and 10
IA=

times respectively the values for the replica. The local coefficients

of surface friction, Cf, determined for the gravel surface are approx-

jinately 2 tir,;es the magnitude of the C~ values for the replica surface

at comparable Reynold- numbers. Therefore the difference in the values B

of the local coefficient of s .face friction for the gravel and ship

hull repica surfaces is clearly bound with the magnitude of the surface

-urvatures and slopes, in particular to the peak curvatures.
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The profilc slope dLj tribution for the gravl surface (igure 7-13)

has a kurtosis of 2.44 whereas the renica surface and coated relica

surface have profile slope distributions of kurtoses 5.32 ano 6.08

respectively (Figure 7-20). I
The profile slope distribution obtained for the gravel surface

shows there to be a relatively large proportion of high angled slopes

present on the surface. Vhe profile curvature distributions for the

replica surfaces show there to be a relatively large proportion of small

curvature slopes present on the surfaces. Hence the gravel surface has

a relatively large proportion of high ax-led slopes and high surface

curvatures with respect to the replica's surfaces.

As can be seen, this analysis uses a very simplified approach to

the determination of flow parameters in a not so simply defined flow

regime. Added to this are the complex specinen surfaces, such as the

replica surface with its relatively long surface wavelengths, which will

affect the boundary layer development and hence the flow parameters in

a random manner.

The results of the flow and surface analysis for the painted steel

surface are consistent with published results for hydrodynamically

smooth surfaces. The gravel surface gives results comparable to pub-

lished sand-grain surface friction results.

The repliLca surfaces have values of the local coefficients of

surface friction which are comparable with tho~e for a smooth surface. ME
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with that ..or the gravel surface, but with shallower slopes and smaller

surface curvatures.

Whilst it is feasible that the magnitude of the local coefficients

of surface friction for the replica's surface is less than that for the

gravel surface, it is not possible to justify the result that the

replica's surface has C values comparable to a hydrodynamically smooth

surface.

I The inability of the flow analysis to detect the effect of the

smaller changes in the gecmetries of the surfaces on the C. values is

attributed to an over-simplification of the flow in the open-channel.

The single sensor hot-film anemometry used in the investigation is

found to give reasonably reproducable values for the local coefficients

of surface friction along the centre line of the test section surfaces.

The instrumentation and techniques available for the measurement

and analysis of the test surfaces are such that the surfaces can be

analysed to a much greater degree of accuracy than the analysis of the

correspnding fluid motion. Hence, to obtain a realistic correlation

between fluid parameters and surface parameters, the flow analysis

must be refined to obtain a fuller picture of the fluid/surface inter-

action. In order to achiave this a more sensitive and relianle flow

measuring instrument, in the form of a laser doppler-shift instrument,

is to be incorporated into the flow system.

Thus the present work has shown the feasibility of using open-

flume flow in an investigation of the surface frictional resistance of
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nominally flat surfaces. The results are plotted using the semi-elpirl-

cal formula in terms of the centre-line average roughness height, CLA,

7.752 ku /v
=N 5.62 log 0  ___________-100 u (Musker et al 1976)

e T + 0.44 ku /v

where k is the CLA roughness parameter. Figure 8-2 shows the results

from the painted steel, gravel and replica surfaces plotted in tems of

the roughness function, XCLA , versus the roughness Reynolds number, R.

The plot shows good agreement with the results of Musker et al (1976).

The results are also plotted using the modified roughness Reynolds

number,

ku (Yu= Tu + aSp) (1 + bS Ku) (Musker & Lewkowiez 1978)

- " p k u

* Figure 8-3 shows the results plotted along with data from Musker

& Lewkowicz (1978). The results from the present work, for the painted

steel and replica surfaces, correlate to some extent with the published

data, whilst the gravel surface data lies well clear of a mean curve

fitted by eye through the published data. It has been found that no

reasonable curve fit could be produced for a surface sample length

higher than 10 mm regardless of the values assigned to the empirical

constants a and b (Musker & Lewkowicz 1978). Hence, Figure 8-3 is

included merely to give an indication of any trend in the present data.

:The local surface friction coefficient was also calculated using the

surface friction law by Ludwieg and T ilman (1950),

Cf = 0.246.10-0"678 (R0)-0.268

L-T
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for the replica and coated replica surface (Tables 6-5 to 6-7). The

values are comoared with the values of C calculated using the moment I

and inner law equations.
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i 1Z. I intreduction

!%e resistance of a ship in steaymto in c-a-= water can be

resolved into the folls-ing nrincipal co-nents: (a) Surface-friction-
al resistance; (b) Waemakino resistance; (c) Eddv-nking resistance;

and (d) Wind and air resistance.

The ship is generally assured to be in steady wtion in order to

simplify the resistance analysis.I

The surface friction is made up of the si.mmation of the components

in the direction of motion of the tangential stresses which the water

nroduces on the hull surface, and apa fr m the viscosity and densitvy=

of the water, it depends primarily on the area, length and roughness of I
the wetted surface of the hull, as well as the speed of the vessel.

The wavemaking resistance consists of the s-rnation of the compo-

nents, in the direction of motion, of the normal pressures on the hull

due to the surface wave systems set u by the action of the hull on the

water. Wavemakinq resistance, apart from the density of the water, is

primarily effected by geomtrical features such as proportions, fine-

ness and shape of hull, as well as Ce strength of the gravity field-

The third smponent, that is, resistance due to eddying wakes, is j

associated with energy losses due to, firstly, the formation of eddies

behind the stern of the shin; more especially thcse associated with. the I

rudder and stern post- and the propeller shaft supports. Under certain

I



adve. e. .Ar=- 4

edd-ies can a S be assoOitffra n f!-O _. Zl zte-b d

o -ship. z--- y f -esi st~ can ~ h

-o no_=. pressures o the " u s viscous ori .

it is often ref rreC to as t fore esistM1ce.

The fouriu coznonent is the resistance due to the relative wind

acting on the above-water nart of the shin. Drue to the low density of

a'r co-ared with th-at of water, this resistance is generally quite _

small compar.z with. the water resistance.

There.fore it can be said that there are two principal components

of resistance, na ly, surface friction and waue-naking (Figure Al -I)

Of the two principal coznonents, the surface friction resistance

is oredomin-ant at low Froude nmbers, t at is fox relatively low sneeds

such as for tankers. At hither speeds the wave-making coma-nent be-

comes predominant.

1.2 hin-Model correlation
1I

The inability to calculate these resistances directly fro hydro- I

dynamic theory led to the use of tests on mdels geoet rically similar

to the shin.

Typically a ship will have a resistance comprising of up to 85
per cent frictional (Schon-herr 1932). Mtethods of reasring the re- I

sistance of shins were originally based on the determination of the

power required to propel a ship at a certain soced and then coparisen

with rast results.

2J
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i~nor donveni ent anId m~uch used me L od i the early _1900' wia th

rroude Iethod. This assumed that the fricticnial C0V.DWint of the total _

reisane ould-be determined indupendently and subtracted- and that

the remaiz-ing residuary resistance is free from viscois effects and is

subject to laws of dynamical sim~ilitude. The residuary resistance

is related to inertia and gravitational forces only, and determinable

by ship-model experiments using Froude's law of dynamical similarity.

1.2.1 Flat plate--analysis

In 1872 Froude carried out a series of eyperiments to investigate

the nflunce n th suface friction of the velocity and the dimensios

of a flat plate towed edgewise through still water, in partidular the

length of the Plate in the direction Of motion. The-first known% tests

on the surface friction of flat surfaces in fluids werce those of Beau-

foy in 1793. In 1880 Froude and Tideman, using the experimental elat&-

of Froude's earlier towing experithents, Proposed a formnula of the formi

F CAUm for the frictional resistance of plates. Thtis, the surface

friction was assumed to vary jointly as the wetted surface area A, and

the speed, U, raised to some powek mn.

Thus, in the an~alysis of the surface friction ofc a ship, it was

found conve-nient initially to consider the surface friction of a flat

surface moving in its own plane. It was found that the above relation

held quite well for a given plate but that C and m varied from one plate

to another.
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1 FrO 0or ines

When the experimental results of Froude were re-analysed on the

more acceptable basis of Reynolds numnber and due account taken of

laminar flow on the sr.ialier planes (Lackenby 1937), the results could

then be fitted with a universal curve, or friction line (Figure Al-2)

With the theory of the boundary layer as proposed by Prandtl in 1904 it

was now possible to define a characteristic length for the flow along

a plane surface which corresponded to the radius in the case of de-

veloped flow in pipes. This characteristic length was called the

"boundary layer thickness". Thus with the flow in cylindrical pipes

and the flow along plane surfaces being reduced to a cozmon base, Von

Karman and Prandtl showed independently how experimental data obtained

by measuring pressure losses in smooth pipes could be used to deduce a

Iformula for the frictional resistance of smooth plane surfaces. (The

investigations were extended to rough pipes by Nikuradse who success-

fully correlated the frictional data of dense sand;-grain roughnesses

of different sizes in various diameter pipes.) This formula and other

T., subsequently produced formulae were experimentally and not theoretically

derived and hence they were no more accurate than formulae based on

direct measurem[ents of the resistance of plates towed through still

water or suspended in a wind tunnel. This led back to vario., xperi-

mental work on towing plates through water as Froude had done in 1872.

The first investigation of the resistance of plane surfaces in air was

carried out by Zahm, in 1903.

Each of these individual experiments covered only a limited range

of length and speed and hence produced a series of equations for the

frictional resistance of plane surfaces deduced from maean lines drawn

through each of the plots of results.



Schocnhorr (1932) collectod together all. the aks'itq sinj3 o

oxperimental data for the frictional resistances of smooth, flat

surfaces,, each set being for a limited range of length and speed.

Experiments wore carried out at low Reynolds numbers (2 x 105 to 2 x 106)

to provide new data where existing data was widely scattered. The

kinetic viscosity was varied in addition to the length and speed. The

whole of the existing data was then used to produce a single plot of

surface friction coefficient versus Reynolds number.

Bearing in mind that these tests were made at different times, in

different media and with widely different apparatus, the plot showed

that on the whole the results were in fairly good agreement, and that

an average curve would be representative for all the tests (Figure AI-3).

Accordingly the best representative mean curve was fitted to the data.

It was found that, on attempting to fit an equation to this mean curve,

none of.the existing formulae fitted over the entire range. From an

extension of the work done by Von Karman, an equation of the form

K/C-- = log (RCf) + M Schoenherr (1932)
ff

was applied to the mean line through the data.

It was found that with the following values for the constants K

and M, M = 0 and K = 0.558, the equation coincided almost exactly with

the mean line over the whole range of Reynolds numbers.
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1.2.3 Shin hull resistance

The extension of the fiat plate analysis to the frictional resis- U
tance of the uneven and curved surfaces of ships' hulls has been attemp-

ted by various workers. Several Of these set out to determine the in- -_

fluence on drag of different types of roughness to be found on a typical -

ships hull, and also to produce a parameter for the effect of curvature -

of a sh.ps surface. But, in order to be of value these attempts had to

be checked against actual frictional resistance of the ship itself.

Hence, it was necessary to have a method of measuring the frictional

resistance of ships to a fair degree of accuracy. For this purpose, it

was proposed to tow ships, as had been done previously by Froude, at

low speeds where the wave-making resistance was cosidered Small. such

tests however, are expensive and the results are of limited value. -

Hence from Froude's method of calculating ship resistance hich is

denoted by the equation

r/au - R/yAU2  f/au2 
- F AU2

where ship units are denoted by capital letters and ship-model units by

small letters; total resistance = r,R; frictional resistance = f,F;

area of wetted surface = a,A; velocity u.U; specific gravity of salt

water y

Hence the frictional resistance of the ship can be determined when

the total resistance is known.

It was shown that the relation betw.een the resistance of a ship

and the propeller thrust to overcom, this resistance involves the so-

6



called thrust deduction coefficient, which could b approximatelv ob-

tained from the self-propellud tests of the shib's model. Methods had

also been developed for determining the wind resistance of ships'

superstructure. From these considerations the total water resistance

of a ship could be obtained.

It was usually assumed that the frictional resistance of the model

is equal to that of a smooth plane surface of equal length and area, and

the frictional resistance of the ship is equal to that of a smooth plane

surface of equal length and area increased by an allowance for the re-

sistance of the butt straps, laps and other projections on the ship's

hull. Although the correlation of the resistance of shio models of

different sizes and the reliable prediction of actual ship resistance

from model results is of fundam.ental importance, it was not possible to

V accurately predict the frictional resistance of a ship model from the

results of another model to a different scale.

Later work by Froude on plates coated with fine, medium and coarse

sand was re-analysed by Telfer (1951) giving

CF  2 + 75 x 10

where ks is the sand grain size and L the ship length.

1.2.4 Geomtrical similarity between-shins and their models

The chief criticism made against the use of the Schoenherr (1932)

curve fit (friction line) was not so much against the line itself but I

that the data producing the line shows such a large spread of valiues

Ii
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-o inva t-atng the use of a ma n L ne makizg Prediction by extrapo-

!ation to ship values ucertain. The range of vari4 Aon of value in

the Scho enhe rr lot was of the order of 20 ver cent in the range of

Reynolds nu-ers from on million to twenty aillon. Hughes (952)

decided to examine critically the basis Of f e existing data and to

determine the nossible reasons for these large variations. Differences

in the exneri ental conditions were thought to be the most likelv cause

of these variations. It was found from this examination that there was -

a promise of a high degree of consistency (and hence conformity to

Reynold's Law) if proper account was taken of variations in the ratio

of length to breadth of the plane surfaces used by the various experi-

menters, or in other words if proper respect were given to the condition

of geometrical similarity implicit in any dynamic similarity a Hence,

the lac-: of geometrical similarity aDeared to be one of the major caiuses

of 'apparent' inconsistencies revealed by the survey of the data, as

verified by Figure A1-4. Other major causes appeared to be due to the

additional effect of wave-making resistance, press-re resistance, and

transitional flow phenomena.

A

Thus, before any new data was obtained it was decided that firstly

flat surfaces having a range of values of the length to breadth propor"

tions would be used. Secondly, the plates were made as thin as possible

so thi.t both form resistance and wave-making resistance would be mini-

mised. This had to be balanced against preserving the flatness of the

surface, the flatness becoming more difficult to achieve as the thick-

ness of the plate is decreased.

It was also realised that it was essential that the flow cver the

test surface must be fully turbulent from as near the leading edge as

possible and at the lower speeds (Figurt. A-).

S- I



With the increased interest -inU Dre ~dct on 04 reitd -0-4

shi fo- from tests on "..dels a r wof the subject xas carried out

I]G nlle in Rg6 It becarne aparn tha~t whn ottina the to tl

resistance coefficients of a fauily of g ometrcally similar veses

it is necessary to specify non-diLmensional sm l engths to sat s-y[ ynamical similarity. A graphical n thod of anali'ng the resistance

of geometrically similar forms was developed interm-Ts of flat-plate

resistance.

on examination of the existing experimental data for failies of

geometrically sinilar models it was found that there was insufficient

accuracy to establish definitely the superiority of any one prediction[ method. Furthermore, a lack, of tests on hydrodynamically smooth fll

scale vessels prevents verification of full-scale predictions.

1.2.5 Ship-Model flow reaime

For drag measurements in general to be useful it is necessary1 to

have a means of determining the type of flow present, whethier it be

laminar, trarsitional, or fully turbulent. In the case of ship models

it had been established that some of the models have a laminar region

of flow during testing (Figure A4-G). it was decided that ships models,

for reasons of comparing results, should be operated with fully trb-

ulent boundary layers. The techniques that became available for exam-

ining the state of the boundary layer flowz were in general curtbersome,

requiring special and often verzy extensive tests, in addition to the

resistance raeasurements.

9



in 1960 Townsin used a technique for flow detection which did not

obstruct the flow in any way, the sensing elements forming part of the

model surface; hence simultaneous flow observations and resistance

measurements could be made. "The method used was similar to hot wire

anemometry, but instead of using wires, which are easily broken in water

and need a probe to hold them in position, it used platignum hot film

sensors.

Flow measurements were made over the forward end of three models

of different lengths, two of which with turbulence stimulators in the

form of studs. The thiid one was a 9 foot mode' of the ship Lucy Ashton

tested both with a trip wire as a stimulator and with no stimulator at

all. Studs are the generally accepted form of tu-ulence stimulator.

It was found that, even at the top end of the speed range, a lam-

inar region persisted behind the studs on the largest of the models

(15.4 feet in length) covering half to one per cent of the wetted

surface. The smaller the length to breadth ratio of the vessels tested,

the more prone they were to laminar flow.

The model of the Lucy Ashton (1953), which has a relatively large

length to breadth ratio, was found to be free of laminar flow even at

the lowest speeds when the trip wire was used. Without the trip wire,

a laminar region covering some 5 per-cent of the model surfaces per-

sisted up to the higher speeds used. The results showed conclusively

the need to study the flow regime during the testing of ship models.

10



1.2.6 Full-scale ship trials

Shin trials at sea are used to evalate the accuracv with which

prediction of the full-scale r esistance of vessels canoe mace from

tests on models. Thrust or toraue measurements on the aroreiler hafts

are related to shin resistance on the basis of additional tests on

mdels. The usual result from sea trials was that the resistance so

determined is greater than the oredicted resistance, the difference

between them, the correlation coefficient, being made up of the hull

rough-ress and errors due to scale effects in the propeller allowances

and errors in the prediction method.

The most recent extrapolation. methods for ship-model tests (1 , =

rI September 1978) are good for most classes of vessel and the correlation

coefficient is now almost entirely due to hull rouhness. Differences

between the nredict on method and the ship trial results give rise to

the following roughness allowance

ACf X 10, 1050 C /r) - 0.64

where k is the BSPA mean apparent amplitude (MILA).
MAAL

To eliminate the uncertaijties due to the action of the propellers,

more difficult and costlier tests were performed on hulls without pro-

pellers, the propulsion being achieved by a towing vessel or more

recently by aircraft engines. The classical test of this kind is that

of the Greyhound by William Froude. More recently BSRA carried out an

investigation in which a former Clyde steamer, the 'Lu-- Ashton', 9 .953)

was propelled by aircraft jet engines. The combined measured thrasts

11e 1yarrf e n.



o f thl Jt _W~~- Shtve a rrcsnre m.. - . *.rc=.-as
-ree fa-on dihr int n the vessel tFigure -7 -

I Xn these tr 1i t te erxe& c erent mhll s-drace f un3ions was

meaLj surd. A nicteiale difference was found in the total resisance

and e-st surface i htween using ard oie p aint and sharp

seams, and a slightlv smoother aluinxum naint with faired eami

W (Figure A!--). On allowing the hull to foul, the surface resistance

increased by about 50 ner cent. The fouling consisted of scattered

small barnacles about 1/8 inch high on the hull bottom, together with a

band of fine grasses on the sides. Thus, the trials showed the surface

friction to be verv sensitive to small roughnesses, and mre so to

fouling (Figure AI-9).

1.2.7 Analysis of the shin hull surface

In~~~ an a---totho

SIn an attempt to throw sre light c' the 'Lucy Ashton' results,

records of the hull surfaces were taken with a wall gauge on the two

painted surfaces used. Analysi4 these showed that the nature of the

roughness was a complex function _ suneri--osed unduations, the mean

amplitude depending on the wavelength, and there seemed to be no simnle

para meter which could be used to define The surface. A form of harm ic

analysis was used which showed that the amlitude decreased with de-

creasing wavelength and that over most of the range the aluminium paint

surface was smother, the anlitudes being about two-thirds those of the

red oxide paint which agreed with t1he muasured resistances. From this

work BSRA realised the im. rtance of the effect of hull roughnesses on

the performanMce of ships and decide- to make hull roughness surveys on

all subsequent shin- trials in the hope of explaining differences -inM

performancea between sister ships: there could be as much as 23 -per cent

EZ
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var-Iation in the perfarxance :rc-ms ~-rs-s, nn sa5~~

aalysi s was u-sed to ic] at th eaae efactors --- a trCJ

nrfrrceand ti shlweA as e) ctd bym H!
far the most Sg~nif,~iu fatr. -reater Parxt of the xeui.ation in

the hull surracem rovaness seerie3 to be due t:o the uneve anniication

In order to look at the effEc- of deterioration of hullI surface

due to breakdownm of the pain- system, formatio of orscal rooucts

and organic rouling, BSRA int conjunction lwith Shell Tankers carried out

a series or reneat trial_ on two sister snzrS atrer var0oU S peotions inl

service (Figure M- 10). The dry dock i'nsuectic sh~ow~ed that there was

little or no organic fouinMg and thzt th -e 4 roratin of the u"

surface was primzarily due to corrosrocn- 1The clot o.f rmsrdshaft

=horse p)owers against corresponding hull rouzOhness (Figure M-11) shows

considerbie er-tter but has a 1markced trend of shaft horse cwjer iLn-

creasing with hl I sw-5 ace rouchness.

-.3 shin hull rouans/l id WTh rcsar!i

1 .3.1 Tests on the effects of differenst tvnpes ol structural h ull
roughness, 2ainting, corrosio an-d foulin g, on fluid flows

In an attemot to de-ernine the influence or the various types of

rou;ghness likely to occur on, a s'hip's hull, Ke.=f(937) ra thee

comnarativem sets of tests on pontocns whs flat bottom s -were covered

with the tynes of surface un.der exmmina-tion. M e first set of tests

comrised tw.o different conditiLons of uan-ouhes and iesiated

the influence o f butt weld- j;oints. The second set of tests was to



t! - M - = - an 1f a Weld

mt: eSt he 0 - ae a fr sre'sh-E fl D

tests- fer U!- wa= C-t-oh-o" ro -O h - t

T e h te results tests ests:z cr t oa- nr

n arotffercrcesh Tntano uerz 2atn o- ....- e I sa S

could ernect to save 3 per cent on fuel consuzu-tion at a givFen speed

with st-thlv coated hull in cc= rison ao badiV nainted huil l

face.

Kenf then went on to measure tie additional roughness-resistance

of es5is_ usina two new anroa-nes- In the f-rst case Froud-'s meth

of measurina the total resistance of a towed shin and of her M-odei ,as

aoote% by using the rd- nl- -htin.. -- for=ula for minim - f =ic i.-aC

resistance for the mod-e to calculate the coefficient of frictional

resistance for the shin. The second method was based on the measure-

ment of the local resistance of a certain sall Piece o_= the hul

surface fro= the naralle middle body par- of the ship (Kezpf 1929)

a-nd provided a direr masure of local frictional resistance.

he resuls roduced C values for the shins which were too hich
er s e This i epn-

at the lower Reynolds nr-=er, i.e. at lower ds Thisdiscreancv

was explained as the result of there being laminar flow- roud the -

models which would make the measured model resistance at lower sceecs

too small, ann as the turbulent fi°ctional resistance is st -acted.

the residual resistance for the shin wll be- calculated too sai.

Kempf then went on to look at the effect of fouling on the re-

- sistnce of shins. Inc!ded in this category: (1) r sting, (2) growth

14-
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of shell, -3) growth of seaweed. lie formulated the followinq conclu-

sions regarding the above aspects:

(1) Rusting is a gradual process over the years, affecting the

whole bottom of the ship. The equivalent sand roughness may be doubled

or more by rusting producing 10 per cent to 20 per cent more frictional

resistance.

(2) The resistance of ship hull surfaces fouled with shells can

be evaluated using an equivalent sand grain roughness, where the shells

are assumed to be similar in sharLe to the sand grains. A comparison

was made of the experimental data obtained for a clean ship hull bottom

and for one covered with a growth of shells. The shells were of

'medium' height (approximately 4.5 m) with a density on the surface

producing a maximum resistance to the flow. The results showed that

frictional resistance of the shell coated surface could be as much as

85 per cent more than the clean surface.

(3) The resistance of seaweed which mostly covers a small strip

under the water-line was not tested, but from ship trials it seemed

that smooth seaweed did not affect the resistance very much in com-

parison to the sharp-edged roughness of shells.

Telfer (1969) considered the problem of fouling in the case of

tankers and found that owing to their quick turn-round in port they do

not usually suffer badly from fouling, but in the event of fouling

=j being present the fh 's rictional resistance could be substantially

increased.
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At the present tame toxic anti-foul s L- ' tothe hllin

N 2
the form of a paint. Tihe antfulin -qus. a& cwl to tne

inderlying anti-corroSive coatings or else tie coats al barrier coats

nay be required. Removal of the anti-foulin- coat due to 1t becoming

ineffective can seriously increase -the surface rcughnes, resulting in

an expensive blasting procedure to renovate the surface. In practice

anti-fouling coatings have to be renewed frequently, at say, one to

two year intervals.

Allan and Outland (195C6) looked at the -problem of the effect of

hull roughness on the ship resistance, by studying separately the

various structural roughnesses occurring on a ship's hull. Full scale

experiments were carried out on pontoons with the various roughnesses;

on plates fixed to their undersides. The results from these tests were

then applied to a number of representative ships in the large cargo

ship range (450 feet to 620 feet long).

It was found that the local velocities -0 the edge of the boundary

layer calculated in the fore-body of the ship were above that for the

flat surface, whereas those in the after-body were below that for the

flat surface. Thus, it was thought probable that the effect of rough-

ness in the front quarter length of the ship was substantially under-

estimated, whereas the opposite was probably happening for the last

quarter length, so the two effects tended to balance out. Contrary to

belief, the middle quarters of the ship's length were found found to

be as important as the leading quarter in their contribution to the

overall resistance.

A



In conclusion it was thought thdt" even when, care is taken to ensure

tiat the local small-scale roughness does not exceed a few thousandths

of an inch, the effect of resistance will still be considerable at shio

Reynolds number. The effect on resistance of roughness arising from

bad paintwork was shown to increase the surface friction by as much as

100 per cent, thus again showing the need to ensure a smooth hull

finish.

Results derived from measurements of ship hull roughness and per-

formance on ship trials collected over a period of years by the BSRA

(1977) showed that a one per cent increase in power is required to main-

tain speed for every 10 gm (0.0004 inch) increase in the mean apparent

amplitude (Chaplin 1965) of the hull roughness. Hence, the bad surface

in Figure Al-12 would be expected to require 17 per cent more power

than the average surface, whilst the good surface would require 8 per

cent less power than the average hull surface.

A typical new ship has a hull roughness equivalent to 130 gm

(0.005 in) mean apparent amplitude, whereas an old ship in poor condi-

tion can exceed 1,000 jim (0.04 in). Whilst it is thought possible that

improvements of 100 gm (0.004 in) and more could be made for older

ships, the finish on a newly built ship is unlikely to be better than

80 jim (0.003 in).

A study by Townsin et al. (1976) found that the condition of a

ship's bottom and the effect it has on the ship's performance could be

particularly important in the economic operation of the ships studied.

Weld beads could contribute to the increase in power by I per cent or ii
more. Hence, buffing off the butt welds seemed in some cases to be

MT
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economically attractive. On several slhips a _1 rae increase in the hull

roughneis3 was observed after recoating in dry dock. The popular method

of recoating by rapid applicaticn of tie paint using a high pressure

spray was found to give an uneven 'over-sprayed' surface which could be

rougher that the uncoated surface.

Frequent underwater scrubbing of the ship hull to remove marine

growths such as weeds gave worthwhile short term improvements in the

ship performance, but fouling should be eliminated completely if large

increases in fuel consumption are to be avoided (Townsin 1978).

1.3.2 The initial preparation of the hull surface

Hudson et al. (1959) studied the effect of surface Dreparation

on the performance of the subsequently painted surface of ships' bottoms,

in an attempt to provide a comnmon procedure on surface preparation for

the shipbuilding and shipping industries as a whole. The experimental

work consisted of producing specimens of ship plate, in both the as-

rolled and the descaled conditions, exposing them to weathering for

various periods of up to 12 months. the weathered plates were then

treated by several accepted practical methods of surface preparation,

before being painted with three coat bottom painting schemes and

immersed in the sea for one year.

It was found that the paint did not adhere well to freshly de-
I

scaled, unrusted steel. Adhesion was greatly improved by a chemical

surface treatment and allowing the plate to rust a little after pick- ii

ling or grit blasting, provided that the plate is wire-brushed inmied-

iately before painting.

,1 18



Thesurface prepara.Uon of steel by abrasive blast cleaning meth -

is a well established procedure with both technical and economic ad-

vantages. The technology of abrasive blast cleaning had been investi-

gated by many workers whilst the effect of the resulting surface rouch-

ness on the thickness of paint coatings applied to such surfaces had

received very little attention. Daniel (1969) investigated the inpor-

tance of film thickness in relation to the anti-corrosive properties of

paint coatipgs. On a rough surface, the minimum film thickness will be

present over the largest 'peaks' of the surface, hence this minimum

thickness will largely determine the initial protective properties of

the coating. In other words, an abrasive blasted surface will require

more paint to keep it free from corrosion than a smooth surface. The

basic problem is, how much more paint is required and can this extra

paint be estimated by a consideration of the properties of the paint

and of relevant measurements carried out on the substrate. In order

to help solve the problems, methods for predicting and measuring

minimum paint thickness were required. The investigations were restric-

ted to a consideration of surfaces produced by the abrasive blasting of

fairly smooth steel surfaces. M

The characterisation of blast cleaned surfaces in terms of the

volume per unit area bounded by the metal surface and a plane located V

by the summits of peaks (i.e. surface volume) was examined and a method

of measurement was developed. The effects of surface roughness upon

paint thickness was investigated, the most significant parameter of a

blast cleaned surface being the 'surface volume'. Variations in paint A
thickness shown by paint/substrate systems were experimentally measured

on cross-sections of the test surfaces. A method of estimating the

minimum paint thickness over peaks was proposed for systems when the

19 4



Lo o pPeto r unt area is iUch greater than the =

surface volume. Instruments were used to measure naint film thickness _

and it was shown h-at an approximate mleasure of the volum.e of dry paint

present per unit area, and a very approximate indication of minimum-

thickness could be achieved, with certain limitations.

1.4 General surface roughness/fluid flow considerations

1.4.1 Pract-cal asDec's of surface frictional resistance

In the field of aerodynamics, Young (1950), for instance, looked

at the particular problem of the effect of camouflage paint on profile

drag of aeroplanes, and thus, assessed the effects on their performance.

This problem was of some importance during the 1939-45 war and the

results were of general interest for workers in the field of surface

frictional drag. The profile drag is assumed to be the sum of the

surface frictional drag and the form drag.

Measurements were made in a high speed wind tunnel of the drag of

a wing with various grades of surface roughness in the form of camou-

flage paint. The drag effect of each roughness tested was such that
E
Ai an equivalent size of sand-roughness could be associated with it. An

analysis of roughness records taken with a roughness gauge, developed

by Tomlinson of NPL, showed that the equivalent sand roughness heights

for each of the surfaces were about 1.6 times the arithmetic mean of -N

the roughness heights k, and in general had similar amplitudes to the __

largest roughness elements occurring with moderate frequency. Estimates

were then made of the effects, of the various surface finishes tested,

on the aircraft drag for different values of wing chord or body length,

! !I



forward snRd ana 'n-1-ibS Tht XeSuilts Were then used to1- e~ the

effects on the Derforiance of repre entative aircraft.

More recently, Reda (1974) carried out experimental work in

connectic. with a missile development program. During flight test, the

missiles were suffering from a reduction in range which could not be

accounted for in the original drag calculations. it was thought that

the surface of the missile motor casing was in some way amplifying the
* surface-frictional drag levels beyond the estimated values. On inspect-

ing the motor casing surfaces, which were constructed from fibre glass-

wound material, they were found to have a large percentage of their

surface covered with ridges and grooves formed during fabrication.

These surface undulations were in a transverse direction to the local

flow direction, and it was thought that the resulting random rough/wa,y

surface was, in some v:ay, increasing the surface frictional resistance

levels beyond the estimated levels which were based on the smallest

roughness dimension, the fibre material filament radius.

In the resulting investigation, surface contour traces, using a

stylus instrument, were taken from an actual motor case section, and

these showed the existence of three scales of roughness i.e. (1) a

roughness scale, (2) a short wavelength scale and (3) a long wavelength

scale.

Several rough/wavy patterns were fabricated in an attempt to

simulate the different types of surface features. The most complex

was a roughness scale superimposed on a short wavelength waveform, both

of which were superimposed on a long wavelength waveform.

-21
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Three tyPes of zfodeis were tested: (1) sand grain modle ls for com-

parison with Previous results, (2) iiachined -odels formed by i2,pressing

the desired surfaca patterns on aluminium plates and (3) a mould of the

roughness pattern taken directly fro-I a full-scale motor casing. The

results of the investigation showed that:

(a) Sluervosition of a given roughness dimension on a surface whichI . already possesses long and short periodic waveforms increases the sur-

face shear above the levels measured for identically rough surfaces

possessing only one, or none, of these same periodic waveforms.

(b) Equivalent sand-grain roughnesses for the random rough/wavy

wall (motor case material) were of the order of four to eight times the

physical roughness scale attributed to it, the physical roughness scale

used being peak to valley height.

(c) Velocity profiles measured over rough/waxy surfaces, including - -

random rough/wavy and rough/multiple periodic waveform surfaces, were

found to possess logarithmic regions for which the law-of-the-wall is

valid.

(d) When plotted in terms of velocity defect coordinates (White

1974), the smooth, rough and rough/wavy profile data collapsed onto a

near universal curve in outer portions of the layer, in agreement with

previously published results, verifying that, even for complex surface

patterns, roughness effects are localised deep within the boundary

layer. -
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1 .4.2 Rel _ating suface rou hness to itional resista- --

There have been a nuaoe of other experiments on various tvnes of

roughness carri.ed out in various flow configuations. Open-channel

flow, for instance, has been used in several investi - tion.s of the

frictional resistance of rough surfaces. Po%-ell "1946! carried out

tests in a rectangular f!wmie on various types of roughness made up of

di.erent arrage:sent cz squa- re__ layed at right an .1s to

the flow and extending down the sides and across the bottom of the flue.

Measurements were also carried out in a smeoth flumne. The analysis of

the results were based on the fundamental work on open channels by

Keulegan in 1938. The roughness effect was found to depend both on the

height of the roughness elements and their spacinq. Einstein and Baunks

(1950) carried out a series of tests to determine the total resistance

of different types of roughness opposing the flow of water through an

open channel. Previous work had mainly been confined to the effect of

uniform roughness elements, whereas here the roughness was made up of

various densities, patterns and combinations of different shaped rough-

ness elements. The aim of the investigation was to find if the total

roughness frictional resistance could be expressed as the sum of the

individualr esistances. On a much larger scale, this type of argum

had been suggested in a study of the Salinas river where the total force

opposing the flow was thought to consist of the superimposed resistance

A . exerted by the river bed and sides, the sand bars, and the vecetation.

An analysis of the experimental results of the investigation showed

that it was possible to express the total resistances as the sum of the

individual resistances as long as the separation between the roughness V

elements was sufficiently large so that individual roughnesses did not

exert any mutual interference on one another.
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in the Dater b- Morris ( , fricon ft-o .. ...

were derived for uniforv u rfe in conduits 'W e fnd be

valid for surfaces with variable rou neS- if t1h rougMess dimesions

were averaoed. Seoarate friction factor eauations were- derived for

three distinct types of flciw regime occurring in rough pipes end channels.

Thus, if for a particular rough surface, more than one of the f1ow

regimes were to be produced, then the friction factors calculated for

each regime present could be added to give the apparent friction factor

for the surface as a whole.

Perry and Joubert (1963) showed that the effect of roughness in the

outer flow can be accounted for using an equivalent viscosity which isI assumed to be dependent only on the variables at the wall, such as shear

stress, fluid density, viscosity and the roughness size and geometry.

Using a wind tunnel, flow .measurements were taken over rouchness ele-

ments consisting of timber strips. The work surface could be adjusted

in the tunnel to produce various pressure gradients. The resulting

velocity distributions were used, along with a modified graphical method,

to determine the local boundary layer parameters for each of the flo1-

regi-ies. The graphical method used in the analysis was primarily for

hydrodynamically smooth surfaces in flows with and without pressure

gradients. For rough surfaces the origin of z is not known and there

is a shift in the logarithmic profile, hence in using the logarithmic

line to accurately calculate Cf, only the slope of the line and not its

position might be used. The icgaritblmic asymtote is assumed to be

located at a distance c below the roughness crests. Hence to use the

position of the line in calculating Cf the value of c must be e-stim-ated

an error in the value of the z origin distorting the logarithmic line i

into a curve.
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i.4.3 j r 0-C1O rea neco'n5iderzatizris Of surfaucec: iuiated a

An attempt wa ma'de to treat the surface roi=ess as a ranuom

process (W-avyalK 1971) by Sinc. and Lumlrey (1971) who examined the nroblh

of steady inco'mpressible flow past a semi-infinite rough wall whose

roughness was !ancAoml .l distributed in a way which can be described.

Assurmtions were race n tl- nalsis which linked the average size and

extent of the roughness. The average siope of the roughness was assumedI to be very much less than I and it was therefore expected that the

additional mean velocity and pressure due to the roughness uould be

small compared with those corresponding to a smooth, wa1 l. The problem

was then to calculate the contribution made by wall roughness in modi-

fying the mean velocitv profile in the laminar boudary layer. Calcu-

lations were made to find the roughness-induced velocity in ters of

the spectral density of the rougness and an influence factor. It was

concluded that flows over rough surfaces invariably become less stable,

probably because in a wide spectrum of roughness there will always be

some roughness wavelengths present which will make the shear layer

unstable and increase the surface friction.

Monzavi (1972) investigated the relation between natural rou4nesses I
and their frictional resistance. It had already been shown that charac-

terising the surface roughness by the heicht of the rougness elements

alone is insufficient to uniquely define a surface, therefore in this

investigation-nine roug surfaces were tested, flow measurements taken

,and the surfaces statistically evaluated. Experimentally determined

frictional resistance values were correlated with possible hydromechani-

I cal significant statistical parammaters of the surface geometry. From
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m.le infestia-io- the n saiti surface p secee to

correlate wxtn Surface frictional resistance values. These were:

(a) The Standard Dviation a of the rouchness hIg which

( a T h "tn d De, i oU .. e-L s , ; "

j~ves a measure of the roughness intensity.

(b) The Half-Width Value X- which is a measure of the mutual top

distance of rouhness elements in the flow direction.

U

(c) The absolute mean value of the surface slope, Sabs .

In two papers presented by Lei-mcwicz and Mjusker at the 1978 Inter-

national Sv,nno-sium on shin viscous resistance at Goteborg the results

from study of the effect 0± shin hull surfaces on fully developed pine

flows were presented. A replication technique was used which alloed

cylindrical replicas of ship hull rouChnesses to be tested in a pipe

line with compressible fully developed turbulent air flow. The replicas

form the internal surface of the pipe line. Dynamic similarity is used

to achieve a comparison between the fully developed pipe flow and the

inner regions of the turbulent boundary layer over a flat plate which

is assumed to be equivalent to the flo. over a ship surface. The f'low-

analyses were correlated to statistical analyses of the respective

surface roughness (Thomas 1975). It-was noted that marine rough surfaces

like engineering surfaces are unlikely to have a surface texture similar

to Nikuradse' s tightly packed 'equivalent' sand grain roug'nnesses

(Nikuradse 1933). Engineering surfaces are generally xandom and have

average slopes of a few degrees. Marine surfaces are more likely to

have randomly positioned areas of different roughnesses with abrupt
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ria 5 rc ghne- - d 'by -Y r pbt Drear' nn arrz -VZ

sut-St== L C cn rrc--sr. or at tacMwen- of mari crat'es to t-e

s1race1 prc in. c relatively lareU verac surface S .

}S-ce heiht 0a-ters such. Ls MAA were found to be incabie

- - ~ ~ f ro~i-i 1 g am univers-al creainbetween asrcerouchnes

Ry--ynolds nn= er and frictional resistance.

Manning (1979) investigated the influence of surface roughness on M

the gas flow througn cracks. Gas flow rates were measred through a AN

number of idealised cracks whose surfaces were roughened by arit-

blastin.. Crack surfaces were used with- rougnesses between 0.7 and

13 m Rat and with a nu'ter of different widths. The results were

analysed in terms of friction-factor/Pe'-r 1ds number nlots. The nower

sDectral density fvncti-on -as used in the analysis of the surface top-

ography. The corputer now-er spectrms sho.ed the surfaces could be
aproximated to bandwidt-limited white noise.

1.4.4 Flow over curved surfaces

The worek so far reviewed has been, in the main , lim-ted to ana l -y-

sing the friction effect of the relatively short surface wavelengths.

Since a considerable amomnt of work correlates tie flow measurements

over flat surfaces with the flow over the curved hull of a shio it iM

of considerable interest to investigate the effect of curved surfaces

on fluid flw.

Meroney and Bradsh (1975) investigated turbulent boundary iaers

over convex end concave surfaces. Tho exnerim-ental set-un consisted
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an S " On had a radius of curvatur of 25

curvztr (i) s eten ''1 and 0.0-2.

The rowt ate cf the bundlmr layer along the convex surface

decreased to nort hal' of what would be et ected for a corresponding

flat surface and the surface friction decreased by about 10 etr cent.

For the c-wcav surfce there was an anraein the bnundlry laye

growth with a correspnonIng increase in the surface friction. The

concave surface produced sianificant lateral variations in all the

observed flow parawters.

15Roocness character4 sa on

1.5.1 Characterisino surfaces comprising easily defined elements

In order to determine the roughness allowance which mu-Ist be applied _

to data from model tests in order to make it possible to accurately
predict the resistance of the shiD, it is essential to have a ens of

characterising a rough surface.

From the classic work of Nikuradse (19331, whose rough surfaces

were made of closely packed sand grains, a great deal of suIbseauent

work was concerned with establishing an equivaLant sand rougnness for

each surface considered, so that the resistance could be obtained from

Nikuradse's results. Simnle averages and root-mean-square (RIIS) values

of the roughness amplitude -ere usnd and interpreted in terms of equiv-

9fM



alent Sanc roughness. Au th e work- prag-sse. it became cle-ar that many

forms Of ,-~~n1-ss coulAd riot- be def-ined sat-,sac-orily- by an equivalent

sand~ inughness.

1.5.2 Charaterisina surfaces of non-uniform-dimensions

In most practical cases, the roughness elements are of non-uniform-

size, so that the 'completely rough' regime obtained by Nikuradse in

which the surface friction is independent of Reynolds nurier and depend-

ent only on the relative roughness, is not valid-. For exam lei Todd

(1951) has shown that ship hulls are hardly ever 'completely rough' in

this sense.

Ifi attempting to characterise practical rough surfaces it-bedame

clear that a statistical description of the surface by centele

average (CLA) or RMS roughness amplitudes and other similar parameters

was not adequate. For example, two surfaces could have the same CLA

or RMS roughness amplitudes but have completely different textures and

probably produce different amounts of trctoareiaceofld

flow over them (Eisenberg 1950). This need to have a more cormprehensive

method of surface characte.isation was also true in the case of engin-

bering surfaces (Peklenik 1968) where the interest is in the study of1

a nmbder of Interfacial phenombna such as friction and wear, and

electrical and thermal contact resistance.

Returning to the problem of the frictional resistance of rough

surface (Eisenberg 1950), on looking at simple cases of surfaces with

the same average amplitude parrameters. (Figure A1-13) it is clear that

aM
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-an add.ional Ypar .ete to-corlate the surface %-i3th its txrcti-l -I-

res stance is the slope or slopu distribution,

Thus, an adequate description -for the uniform two-dimfensional rough-4

ness coul"d be built uip using the averages or frequency distributions of

the amplitudes, slopes and curvatures (Posey 1946). In addition to the

above geometrical properties, for rough surfaces in practice, it was

thought necessary to specify the roughness distribution In the direction-

of motion and the traverse direction, and the roughness density in the

direction of motion. It was also thought prudent, in these early stages.

of Characterising surfaces, to look at the spectral distributions and

correlations (as -betw-.een the longitudinal and traverse distribution'- of-

the -above -parameters,

1.5.3 Roughness-meastrement- and analysis

To help in the characterisation of practical surfc-ces, a surface

measurind instrument was developed in order to miake it posible to

produce chart recordings of surface profiles from~ the movement of a

Probe which follows the surface. The movement of the prob~ is fed -

through a linkage system to strain gauges. the resulting electrical

signal is suitably processed and used to drive A pen in the recorder.

The instrument was designed in order to be usal insiuoshphllA

(Todd 1951, Hamna 1954).

A surface roughness measuring device was developed by the British

Ship Research Asociation. (BS8A) (Canham. 1956) in order to enabl~e them

to take comprehensive roughness records of ship hulls; These recortds
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-could -then x± uh e alouide the ship trial data. The rouuhness ieasure-

ments are made in dry r!-ok shortl- y bc-fore, or imediately fter trials

and involve the recording of roughness profiles at a number of positions ___

on the hull (Deer 1977). _

A statistical analysis was used to examine the various factors

affecting the trial performance and it was found, as expectedi that the

hull plate roughness was by far the most significant factor. The nature

of the roughness varies in different parts of a hull (fox examole, paint _

drops tend to accumulate on the flat of the bottom) and alternatively, 

the same degree of roughness may well have different effects on resis-

tance according to the position on the ship's hull.

A technical memorandum by Canham (1961) set out to give some __

guidance ofn the selection or recording positions arid the number of
records rquired to be taken with the BSRA wall roughness gauge in-

order to make a satisfactory hull roughness survey. A hull roughness

sUrvey is required to establish whether the surface of a hull has a

roughness within predetermined limits, or to determine the average

roughness of the hull surface, or to make an accurate assessment of the

frictional resistance of the hull. The hull surface is divided into

definite areas in each of which there is a significantly different type

of surface roughness. It is therefore essential to survey as much as

possibie of the hull before deciding on the number of rec6rds and the -

location of the recording positions required. The number of records to

be taken should increase with increasing average roughness and with

-j increasing non-uniformity of the roughness, and should not be less than

fifty for a 'reasonably concise' hull survey.
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Rou.ghness records wer.e -t-- nencn a= samle of 68 now s-hips (Lee ken'M

196*2) n d tzhe resul.t ig -distributi of aerage rouighness was foundi to-

anP P_ t a, o-ia' gaussian distribut-ion- vitn' d- -Mea41 rouxo=aet oaLgghv's value

of -0.0074 inch- (18. 2 *m)- (Fig~ure AI-14). Typical- ro ghnness trcr f or

these suifaceg are shown in r'idure Al1w12.

In a subsequent BSRA report dealing with the various methods of

anlysing hull surface roughnness records, Chapli- (1-3G5) proposed that _

spectral analysis-could be successfully used As a method of obtaining-_

alternative roughness parameters to those currently in use. It was Also

shown that commnonly used parameters such as thie mean- apparent amplitude

and the centre line -average could be deduced from the spectral analysis.-

The previously accepted method of Analysis of hull surface roughness

records had been-to determnine the mean apparent amplitude for a sample

length of 2 inches. Statistical analysis of -nunerous ship trial and

corresoonding model test results indicated the existence of a sigrnifi -

cant relationsh ip between frictional resistance parameters based on the

mean apparent amplitude per 2 inch length of -hull surfa e !and the

corresponding derived ship-model correlation factor. I-t was clear that

alternative methods of analysing roughness records had to be considered

in the hope of throwing more light on the relationship between surface

roughness and ship resistance and in improvinig the ship-Diodel corre-

lation factors. The records obtained showed the profile to be nearly

always random in nature (Nayak 10971) m-aking it impossible to represent

the profile by any simple mathematical function. Much- the same sort of

problem existed in the study of the sea sukface and electrical 'noise',

and this resulted in the development of the technique of spectral.I

analysis to0 a high degree. Thus, Chaplin went on to represent the
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profilo by the sum of a large nuW)mr of harmonic components in which

the amplitudes and phase angles were random variables. These quantities

could be estimated by suitable numerical techniques and an amplitude

spectrum constructed.

Just as the energy spectrum can be used to resolve white light or

a complex sound into a sum of pure colours or tones, so a roughness

profile can be resolved into a series of component sine waves each with

a definite frequency and contributing a definite proportion of the total

variance in the profile.

Apart from providing a distribution of the amplitudes and fre-

quencies of the component waves in the profile, several useful measures

of roughness, including the mean apparent amplitude and centre line

average, and other statistical properties can be derived from the

spectrum.
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FIG Al-i SHIP RESISTANCE -RESULTS FROM
WIND-TUNNEL TESTS AND TANK TESTS ON A

CF 20 FT. LONG MODEL (Lackenby 1962)
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FIG AI-3 COMPILED EXPERIMENTAL DATA
ON THE FRICTIONAL RESISTANCE OF
PLANE SURFACES (Schoenherr 1932)
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FIG AI-3 COMPILED EXPERIMENTAL DATA
ON THE FRICTIONAL RESISTANCE OF
PLANE SURFACES (Schoenherr1932)
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FIG AI--4 PLOT OF NEW AND OLD FRICTIONAL
RESISTANCE DATA,PLOTTED TO A BASE OF
LENGTH/BREADTH RATIO(Hughes 1952)
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FULLY TURBULENT FLOW ON THE FRICTION DATAFROM PLANE SURFACES (I-urhes19.52)
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=FIG A1-6 CURVES OF FRICTIONAL RESISTANCE
COEFFI CIENT (Lack enby 1962)
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FIG A1-7 CORRELATION OF SHIP AND MODEL
RESULTS FOR LUCY ASHTON(Lackenby1962)
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FIG A-8 COMPARISON OF FULL-SCALE RESISTANCE
WITH SCHOENHERR SMOOTH SHIP PREDICTIONS
FROM MODELS (Conn eta[, 1953)
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FIG A1-9 LOSS IN PERFORMANCE WITH TIME IN
SE(R\'ICE FOR THE CROSS-CHANNEL SHIP
KONINGEN ELISABETHi (Lad'kenby 1962)
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APPOMI-~X 2: TID THIMY

2.1 Introduction

In analysing the effect of surface roughness on the surface

frictional resistance coefficient Cf, a number of fundamental relations

are available to predict the motion of a fluid flowing over a solid

surface. In fact the fundamental equations of viscous flow have been

= known for more than a hundred years. At low Reynolds n1mbers (laminar

flow) the equations are very difficult to solve, even on digital

computers, and at high Reynolds numbers (turbulent flow) the equations

are, at present, unsolvable because of the random nature of flow fluc-

tuations, in particular the boundary conditions.

Although the exact solutions to the fundamental equations of com-

pressible viscous flow cannot be obtained, a great deal of useful

information can be released from simplified solvable forms of these

exact equations. A pioneer in this field was Prandtl, who using the

boundary layer concept, which stated that the viscous effects are con-

fined to a very thin layer near the solid surface, gave approximate

solutions of the three laws of conservation for the case of two-dimen-

sional flow over a plane surface.

2.2 The three laws of conservation

The number of viscous flow eauations used is generally reduced to

the three laws of conservation:

(1) Conservation of mass (continuity).
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(9) Conservation of mom3ntiiv (Newton's- second lw).

(3) Conservation of energy (first law of thermodcyngamicsc).

ikA
The exact number of basic flow equations depends on personal]

preference, some relations being more basic than others. Truit1-t, fo~r

example, used nine basic equations relating to nine unkrnowns (W,1hite 19,74).

In the present investigation the flow is assumed to be incompressible

and isothermwl, hence the three laws of co'nservation, for fluid flow,

reduce to:MU

(1) The equation of continuity, which in its cormonest form is

given by:

Dt d

+ pdi*v V 0 or dp (2-,1)

where V is the three-dimensional. velociLty vector,. v j u + jV+ ]-.w]

and di V- - +
dx dy dz

If the density, p , is constant (incomnpressible flow) the equation of

continuity raduces to

div V 0 (2-2)

(2) The %.-onservation of Momentum equation, con.. ily known as

Newton's second law, is given by =

Dv pg + V.T. (2-3)
"Dt 1)

46I



where q gravi-acion a ccG2erati o-na:d V -&

? is -the aradient op e-I,- TG is the stZesa tensor, which for a3.]

Newtonian viscous fluid is given by the general deformation law

du. du. i
+p+ +S6. div V (2-4)

j " JV

where A is called the coefficient of bull: viscosity. Thus, the momentuM.

equation for viscous Newtonian flow is obtained by subst-ituting the

general de formation law (equation 2-4) into lewton' s second law (equation

2-3). The resulting equation of motion originally given by Navier and

Stokes can be written as

DV d __ dvi + dvi -i5)

pg -Vp + + + d.x. dv(2)
A- dx d +iC.a V

3 dx.

For incompressible flow, the density is constant and div V vanishes

from the Continuity equation (2-2) and the coefficient Cbv vanishes

from Newton's law. Also assuming that viscosity is constant, the Navier-

Stokes equations can be considerably simplified to

DV = pg- Vp + gV2V (2-6)

Summarising, the two laws of conservation of mass and momentum, as

Used for fluid motion are

FI
dp(2)dt + divPV = (2-1)

DV (2-3)
DP"= pg + j- p (2-3)

where for Newtonian fluid, the viscous stresses are
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r (du1 (2-4)
I 4-- + + 6iC div V

dx . ij-bv

Ec.utions 2-1 and 2-3 involve four variables, of which p and v

are assumed prim ry, and th- remaining two variables are assumed known

from auxiliary relations and data of the form:

p = p(p, T) ; 1i = . (p, T)

2.3 Approximate solutions of the laws of conservation using the _

boundary layer hypothesis __

As can be seen, the equations to be solved are a formidable set of

non-linear partial differentials equatiofis. No mecthod of Solving these

equations for an arbitary viscous flow problem exists, although digital I
computer numerical techniques using finite-difference approximations

show considerable promise. Thus, approximate solutions are obtained

using generalised forms of the exact equations.

Several exact solutions have been obtained for specific types of

Newtonian viscous flow (White 1974). The high Reynolds number flows

considered are explainable using a boundary layer hypothesis. The

boundary layer theory states that the viscous effects are confined to

relatively thin layers adjacent to solid boundaries. In the remaining

region away from the wall the influence of viscosity is assumed to be

unimportant and the flow is frictionless and potential. Hence Prandtl

(1904) simolified the Navier-Stokes equations to provide approximate j
solutions for two dimensional incompressible boundary layer flow on a

plate.
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Thus, the budary layver eauutions, in imnsional form, fo-- steadv

isothe rmal two-djz~nslonal incomnressibli .. are

dut dv-
+ 0 ~(2:;-7)dx dz

+i +d d xi (2-8)'dt + x dz _t dxj dz'

These are numerically Solvable, for practically any distribution of

free stream velocity. The solution of the boundary layer equations

involves a great deal of labour, and so the introduction of digital

computer techniques lightened the burden in this respect. A numnber of

finite-difference solutions are available using both explicit and im-

plicit methods. The methods involve exanmirid tefo t h ifrn

stations in the x-direction4 The explicit methods (Gortler 1939) haVe

the advantage of simplicity but give inconsistent results unless small

steps Ax are used, usually meaning excessive computation time. The

implicit methods (Smith & Clutter 1963) are relatively complicated but

give more stable results.

2.4 Integral forms of the basic boundary layer equations for

laminar isothermal two-dimensional incomoressible flow

Turning our attention to mo-re approximate, rapid and simpler

techniques we consider the integral equations of the boundary layer.

The basic boundary layer equations:

du v
Continuity - +~ 0 (2-9).dx dz NJ

Momentum- di + ut +C~ vdu + U (2-10)d X_ d 'it dy. p dz
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-where buoyant forces are ncglcted. is used for the shear stress,
and h~ence th uts" arc vald for both iMina and turbulent bound-

ary lay-wer. For laminar bon d ry layers,

T A du

Thus to compute the values of total momentum etc. over the boundary

layer, they are integrated from z = 0 to z = , using the boundary

conditions and the continuity relation.

The momentum integral relation is obtained by multiplying the

continuity equation by (u - U) and subtracting from the momentum equa-

tion. The resulting equation is integrated from z 0 to z = , nd

are seen to vanish at infinity, for the boundarv layer approximation.

Hence

0 tO COI

( U u) dz + u(u - u)dz + d (U- u)dz -U.v

p t ju a dx J dxfj(
0 0 0

where v (x) allows for instabilities in the flow and for the possibility

of a porous wall.

The integrals (U - u) and u(U - u) are equivalent to the displace-

ment and momentum thicknesses 6 1 and 0 respectvely where

- U
0

U IOa (2- 13)

0
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-c t c n...... relationl c-n be reduced to

== x+ (2 ! + .-- (2-14)
= - "Udx

for the case of stedy flow over an imIerVeab} wal

The H or shape factor is _-.,ays greater than unity (Figure A2-1),

and for laminar flows varies from a value of about 2 at the stagnation

point to about 3.5 at separation. In t ubulent flow, the variation is

between about 1.3 to 2.5.

Continuing with the der ation of the integral relations, the

mechanical-energy integ.a formed by mutiplying continuity by u -0

and momentum by 2u, subtract, and integrate as before to cet

; 2 Tdu dz d u (U U) dz + d ? (I + 12-N5 d:
p d ddtU~

0 D

+ u(- - e)dz - tJv

wihcan bereduced to0

v
2D id 2IdU d (2-16)

C =g(e + 6 )+ 2 -  " +  -_ !- (216)

where D is the shear dissipation term, D) f -rdu dz (2-17), -
Sdz -A

63 is the kinetic energy thickness or dissipation thickness,
@ of u , u .

63 dz (2-18) and CD is the energy dissipation

0
coefficient. _2
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+ Thus, equations 2----I and 2-16 ar the basic intara reltus- fo -

isotherm.al laminar two-dimnnsionai incoxressible flow.

2.5 Turbulent boundary !her eouations

Laminar f,_ow is inherently unstable and above a critical _ *olds

number there is an abrunt change to turbulent flow. Turbulence is an

experimentally observed phenomenon and there is no existing theori which

states that turbulent flow should occur at high Reynolds nmbers. The

- transition process can be made to occur earlier by the introduction of

an obstruction or obstructions at the wall such as roughness elements,

causing additional disturbances in the boundary layer, which distort

the velocity profile and lower the critical Reynolds number. The trans-

ition can also be affected by pressure gradients, wall cooling, or free

stream turbulence. Thus, for the majority of cases of low-vscosity

fluids (water, mercury, gases .... ) the flow is normally turbulent, not

laminar.

Using the assumption that fluid is in a randomly unsteady turbulent

state the time-averaged or mean equations of motion can be used to

approximate the flow. Thus

+ -+ - 0 429
; du dv dw. (-9

dx dy dz

DV+ .--- ( u' = pg -Vp + gV2V (2-20)

where the turbulent inertia term u'i u'. is dependent on not only the I
physical fluid properties but also on local flow conditions (velocity,

geometry, surface roughness, and upstream history).
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h- E-nn

-as n ieavain-eDoce-ss has introduced ni vrzeI- for
Tuthe a no ai- fle:t~=-.C.

which there i ' no aa- =Imeans of defnina their values. On assunning

that the turbuhnt inertia te ran ca nu as ses ters the

mean MOMent-Mn equation si" r ife to

DV j

pg-VO + V. t. (2-21)

du- du(Wite 1974) where T. 12i + u- u' '

dx. dx-

The turbulent shear -pu'v-  is the domifant term in any attent_ t to

resolve t: mo°mentum eqruation in the boundary layer. In attepting to

resolve the turbulent flow homentur ecuation it is far simpler initiall

to look at the case of two-dimensi'onal boundary layers. One method of

resolving the term -pu'v' is to assume the term to be a function of

local geometr, and flow conditions, -hilst another is to !ok at the

local velocity profil'e itself.[

Using the first of these approaches, Prandtl (1926) related the

turbulent shear to the local mean fluctuations using an eddv-transpdrt -

theorem based on the much smaller scale kinetic theor molecular trans-

port model. The local RMS fluctuations were related to the local

velocity gradient through a tuxbulent length scalet,

du1 (2-22)
1 dz

tdudu (2-23)
2 dz

wheret and , called t'he mixing lengths, are analogous to the mol_-
1 2'
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eculr tean free nath. Prndls n~ 4 qiegh 1 Can then be

wn ten as

d t Twhere t p i"t (2-24'

Other aonroaches included the introduction of an eddy viscosityc

by setting -uv' -, du/dz or by utilising the process by which the
-bondary layer acquires addtional turbulent fluid, entrainnent (Proc.

co mznut. of Turb. Boundary Layers 1968).

2.6 The general form of the boundary- laver velocity distributionI.I
The velocity prfile across the boundary layer can be split into

three regions: The region next to the wall where viscous shear dominates,

and an overlap region wnere both types of -hear are present. Relation-

ships have been put forward to predict the shape of the profile in these

regions.

Prandtl in 1933 deduced that in the inner region the irean velocity

depends upon the wall shear stress, the fluid properties, and the dis-

tance z from the wall: Thus the law of the wall is of the form

f(ZITJ (2- 25

T (v

For the outer region, Karman in 1930 deduced that the wall acts

only t- retard the flow, reducing the local velocity u below- the free j
stream value U. independently of viscosity but dependent upon the wall

shear stress and The distnce z over which the flow is affected.
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-hus, the outer, or veocit defect ln is v

(U~ U)/u, = z/6) (2-26)

For the overlap region1 the two functions are rced together over

some lni.te renion between the inner and outer (MilIkan 13&) Overlap

law:

u - f u m (2-27)

T V U

For the inner Dart of the overlan recion the relation is given by

U _u
u of~% +3lo - T-

T

and for the outer part I

I -u = zioe(6U -- lU e  Au+ A
U

'FN

where x is Von Kanan's constant and A and B are constants.

For the inner region, the form of the law of the wall can be

solved by assuming that the total shear is c

and that the eddy viscosity follows a cubic relation near the wall and

an exponential relation further out (Spalding 1961) to produce a for-

n t.u"a for the inner law which was found to be equally valid in the

;logarithmic overlap regicn (Figute A2-21-

TJI0 A-
55 S



2. 7 sa ~rno.pesr r~-ana or

lthegh all the rof oles for the inner law oz.ltnuento aUd-l

versa], curve 'Fim-or 2-3) it Car: n-,- rbat At t-ed h

curve i.e. in the -n, b qrecn, there are inrking diatei st ro

*h redi" fl la f2OutwV is much mv=rez nesir

external influence, such as pressure gradients. The ai'tiOn- a

pr-,-eimr-i pressure gradiie- to the outer !a was . - 0-

paer on ite._r tiuntoi.oreiei-n e o dt onwwirst h

ted by Causer (954, 19561.

Thework nreviosiv done on the arotles of the lent bundat

layer had, in the main, been directed the :rds looin at, the sialest

of ases, such as flow over a smooth surface with zero pressure gradient.

Onyafew emirical methods existed for uredictina the effect of

pressure Gradients on turbulent boundaryl-e2ver-s and thae-se wen nei

able, doina little -more than to correlate the s-et of data -on whic he

~ were based originally.

--t t! he==blnFor som time it had been reali-sed that the staxte of1, thetrbln

boundary layer depended nolt only up-on thle local environment such as the

local values of pressure gradient, the wall shear, the surface roughness,

the boundary layer thickness, etc, but also upon the previous history

of the layer. Thus, when Clauser (i954) carried out his research on the

turbule t boundary layer he bgan by- attempting to study in detail a

few cases that had simple and well defined nressure histories. The

work was carried out on boundary layers having relatively conztant

histories, which provided a particularly simple and well defined case
to study. The resulting set of profiles for these so defined pressur

histories were called "equilibrim" profiles.
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Thus, trial pie su-_e dis.-ributons would be se up and the velocity

profiles at a nium10ber of stat-ions wo---d be measared. The sour "e f± cr o

co(frficients were de te ntid and (u - Ue)/u p)lotted against z/6 for

each staticn. 2f the velocity profiles were not sinmilar, the pressure

distribution was altered and the procedure repeated until similar oro-

files were obtained.

Clauser found that the plots of (u - Ue)iU a

e T

a universal curve which showed an expected difference from the universal

curve at constant pressure (Figure A2-4). Next it was decided to ex-

periment with a steeper dimensionless pressure distribution. When

analysing the results it was found that many of the previously used

boundary lalnr parameters were unsatisfactory. The boundary layer

thickness has the difficulty that the outer edge of the turbulent layer

is ill-defined. The displacement thickness

0

and the momentum thickness

,U - dz (2-29)

e ell" 0

could not be obtained directly from the universal plot that formed the

basis of the correlation of turbulent profiles.

Thus, parameters were required whicih did not need additional data

for their specification. The simplesL universal thickness so defined

was

7



U u
A = e dz il. !f dri2 3 ) -

For constant pressure profiles the integral has the value 3.6, and for

peach set of equilibri f pofiles there was a different value Vor the

integral.

In addition to the defect thickness A, a suitable parameter was

required to claracterise the various members of the universal family of

profiles. A ratio of moments on the universal plot was used,

i uu U u u 2G - e_ __ dz fe dz f U d (2-31)

o T0 0 T

The new t.ickness A, and the integral family parameter G, were related

to 8 and 6 as follows

Cf (2-32)

2 2
: 0 =  C (2 -3 3 )

The assumption that the entire profile is iepresented by the

universal function of (u - U)/u versus z/6 was known to be not true

near the wall. The calculated values of the integrals for A and G for

a given distribution of %u -U) /u versus z/6 in the outer portion of
T

the layer were applicable only as long as the surface roughness elements

are small compared with the thickness of the viscous sublayer. Pressure

gradients were found to have 4n unexpectedly large effect cn surface

friction. By combining his work with the results of previous researchers

(Ludwieg & Tillman 1950,.Schubaner & Klebanoff 1950) a more complete

picture of turbulent surfa.'e friction was produced.
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The .,p'vara v. ; Jwclty diur b u ' o .,z ent votv or as

near smooti, W&B x 1%,-ui 2-, -ho-,;:ed a -eaon~ outside the vascous su-

laver in which t h e velocit-v aistr ' ut on =o-'et be~ renresentf-a by'

=5.6 lo Tv~ 4.9 (2-34)

even when pressure gradients are present.

For he cse f a oug wall, it had already been shown by Prardtl

that the semilogarithmic part of the curve was displaced downward para-

llel to itself by an amount Au /u ,which depends on the roughness

Reynolds number ku /v .Plots of ex)-erimental data on the relationsJ

between these -two parameters for various types of roughness showed that

when ku /% is greater than approximately 100, the asymiptotic form

is

Au/u =5.6 log(ku /v )+ constant (2-35)

Assuming that zu /v at the outer edge of the viscous subJlayer

is approximately 50, then, when the roughness is greater thnabu

twice the thickness of the viscous sublayer, the universal law for the

turbulent region near th-e wall becomes

u/u =5.6 log(z/k) +constant (2-36)]

TI

The above result held for smooth, moderately rough, and extremely

rough walls without pressure gradient and for smooth walls with pressure

gradients. Using dimensional reasoning showed that the effects of
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presSure gradients on conditions near the walshould be i~l t nen

followed that the results were true for rough walls wit n pressure

gradients. For all these cases, there existed a turbulent region next

to the wall for which u/u is linearly related to log z.

Looking at the universal plot of (u - U)/u versus z/A it was seen

that for the inner portion of the plot, (u -U)/a should be linearly

proportional to log z/A. Further the slope of this semilogarithmic -

curve should be 5.6, the same as that on the plot of u/u versus log

z uT/ or log z/k (Figure A2-5). Thus, there is a region of overlap

between the two plots for which data for the inner and outer portions

of the layer may be correlated and used to establish surface friction

laws for turbulent layers.

An analysis along these lines produced a universal surface friction

law for all turbulent boundary layers having constant pressure gradients.

It includes the effects of Reynolds number, pressure gradient, and

surface roughness. Thus,

(5.6 logRR - G - + +4.3 (2-37)
Ce k--- u-

The effects of pressure gradient on surface friction were found

be large, both for laminar and turbulent layers. Gradients considerably

smaller than those required to produce separation being effective in

reducing the surface friction.

S

On comparing these results with those of previous authors it was
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-oun that the%, slhowe little ag_-eeinet. S~ -J'e ~ d not

ag ree with the relatively sirnl ex- 1=-j~it.- rnsl -Sotied in tnhis

anaLlysi's it was concluded that a relial t 'ethod of -c grh

behaviour of turbulent layers und'er r~be if utcnce of ressur gra -ants

was still reciui1red.

7-

2. 8 The law of the wake

Carrying on from the work of Claus'-r (1954), Coles (1956) repre-

sented the turbulent boundary layer velocity profile by a ±inear comn-

bination of two 'universal fucin, one beina the law of thle wall and

the other the law of the wake. -

The law of: the wake is characteri-sed by the profile at a point of

separation or reattachmrent. The development of the turbulent boundary

layer was interpreted in terms of an euivalent wake profile, which

supposedly represents the large eddy structure and is a consequence of

the constraint provided by inertia. This equivalent wake profile is

modified by the presence of a wall, at which a further constraint is

provided by viscosity. The wall constraint, although it affects the

entire boundary layer, is effective illainly in the sublayer and in the

logarithmic profile near the wall.

Thus, the main part of Coles' work was the study of the function

h(x,y) in the general mean-velocity formula

u. f (zu. /v) + h (x,yv) (2-38)



An examination o 1 existing experiieiitd data '-d to the conclusion

thia t t-he unionhit-, z) could bDe reduce-- to a second unversal sivni-

larity7 lawi. That is, the general -Mean-vel-ocitv for-Mula, could be -ri tten

in the form

3U/u T f (zu/V) + - ~/)(2-39),

where ff is a profile parameter which indenendent of x and y, and the

function W (z/6) is supposedly comm-on to all twvo-dimensional turbulent

boundary layer flows.

Coles noticed th1at when the deviations of the velocity above the

overlap region on the plot of uI/u versus zu~ /v (Figure 2-6) were

normalised by the maxcimnum deviation tat z 6) the result would be a

single wakelike function of z/6.- The deviations were correlated using

++

u -25 lo0.z5 W (2-40)

U -2.5 log6+ 5. 0.e

The function W is called the wake function and is normalised to be zervo

at z =0 and have a value W =2 at z =S. From plots of W againstz/

(Figure A2-G), W has a point of inflectio-n about the region of z 6/12#

W 1. Thus, the following curve Lcit approximation for the wake

F9 function was proposed

W sn (2-41)

The law of the wake can be used in both the overlan and outer

layers and is given by
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where j., the wake parameter, is irectly re.ted to the ute-r variable

overlap constant A. Thus, IT A/2 where A v 2.35 for bondary layer

flow (flat plate) and A 0.65 for pipe or channel flow. The narameter

is assumed constant in an equilibrium bounda r layer; e.g. for flat

plate R - 0.5. For other equilibrim layers, it is assu. ed th at

= n(S) where Clauser's equilibri-m parameter, [ = 1.de (2-43)

(Clauser 1954, 1956).

Data from near equilibrium flows (Coles & Hurst 1968) was plotted

along with some typical non-equilibrium data as shown in Figure A2-7

(White 1974) and a reasonable fit to the equilibrium points is given by

,05) 0 .75  -4

11 0.8(0 + 0.507 (2-4

which is not too bad a fit even for the non equilibrium flows. Coles

and Hurst (1968) recommended that the fit of the law of the wake to

velocity profiles should be confined to the range of 0.1 < Z/ < 0.9,

there being discrepancies near the wall and near the edge of the bound- -

ary layer.

It was also suggested that three-dimensional flows could be use-

fully represented by the same two universal functions, considered as

vector rather than scalar quantities. When the wall cor.ponent was

defined to be in the direction of the surface shearing streess, then the

wake component, in the cases studied, was found to be very nearly _ -

parallel to the gradient of the pressures.

!63



Sd- o-> =l - -0 __ _- h_

S~o~ekJ~n i~rv'z~ r o rovon new wak-e hphesis otea

that rLvi-Us integgr-al me nodS welre devlo iii Uout ay c..., e daeo

the -har stes beavou c; an :at tU a t t he momtofoetu and

the mean kinetic ene r-my i- tegral eqa"tnor could not b-e used as sources

of inforimation. Thus, the analysi;s proposed a new wake hnvoothesis

which had some physical basis and led to a relationship between the

mean velocity and the shear stress distribution trough the layer.

The model fitted the e=oerim-ental data satisfactorily in the region _

adjoining the logarith-mic law of the wall and iroiJed a half power

distribution in the maean velocities in this region for the experimental

W
data. The model also gave a universal description of tile data at the

outer edge of the layer. Thus, although the proposed outer flowa defect

lane was not. valid over as wide a range of pressure gradients as the

Coles wake hypothesis, the model affore a- 40rcuae ecito

of the experimntal data and showed a connection between the maealn flow

and Reynolds stress fields.

2.9 The linear momentum equation applied to an inertial control

volume _

A closer look is now taken at the momentum equation as developed

for a control volume.

The net force F on a particle or system or particles of fixed mass

is given by the law of: conservation of maomentum (Nlewton' s second law),

F =dVI/dt (2-45)
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a e 3-5 i h t I !Iueh mmentum of the F the C

" a t orc i s

as-ad to be constant over a tm At, then P.At = AM (2-46)

Refer:m to Figure -2-8 w..e conside r a certain auantitv of matterA

at some time tenclosed by the solid line. A som time t + At, the

abondar of the system has a new Physical location as reoresented by the

dotted line. --

Considering the.reqions denoted by A, B and C, the system occunies

region A at time t and regions B + A - C at time t + At. If m repre-

sents the mass contained in the different regions and at different times,

then

0 mA(t) =mA(t + At) Ct±At)++ At't) (2-47)

Hence the change in the total mpomentum of the system is given by

AM = (t + t) -M (t + At) + M (t At) -P, (t)

A C B A

Rearranging and dividing by At gives,

_ = (t+At) - A(t) + (t + At)- ct + t) (2-48)
t At At

Taking the limit as At + 0, the first term on the right of equation 2-48

becomes

MA(t + At) - H (t) d
limit AA d =d

A t -0 At (14 C.V. ~ d
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and nthe second term becomes

l4 (t + mt) - i t + AIt)j w lii (SMt+~) T r + At)AtO B C BIAt tt 0Z 0 BC

B C

SIvPV. dA
C.S.'

c.v. designates the control volume fixed in space and bounded by the
; controlsurface (c. s. A where :t

contrluraer t + At) is the momentum associated

B
with the mass that has crossed the boundany into region B in tire At.

SAA is the time rate at which the momentum is crossing the surface

into recion B at time t. Thus, equation 2-46 becomas

F - d p fvdv + VpV cV' (2-49)

C.'V. C.S.

che. cas.

The total force F is made up of the total surface force Fs (pressure

and shear) and a body force B nich is a force per ur.it volume. Hence,

the momentum equation for a control volwme becomes,

F + pdv + V (250C.V. C.V'. C.S.

Vnis ecuation is valid only for an inertial system, such that .

Newton's lawy.s of motion apply.
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AVPEiNDIX 3: STYLUS IMEASURPJVIENT OF THE I4ICROGEOMETRY OF A COATED

-SURFACE

I



i., zi.M5 ril i

_1~~i -cIA -

NIA. linig and TAR Thomas
Teesside Polytechn~ic"

The feas~bahy o~f u siiij a stus instrumnent for looking at a converts its vertical movement relative to some datum :A
soctic-n througn a coairea stirface , discussed:. Experi- into an -oscillating electrical signal which is electroni-
mien'al mnsurernenis of the dcforrmelion of paint by a caily amplified to produce a trace on a chart recorder.
stylus are preseniva. and it is sioW'n thati deormation has This syste'm has been modified to record the surface
no significPrM efl-ect on. rout-chness measurinients. profile digitally on punched paper tape for subsequt
Cnanaes in the st stical miorouoM-etrycol oi e Wafter
successive coats of paint are exariiined by reiccation pro- coperalyi.Tessmhsbend%'
lilometr. Mot of the changes are tound to occur af.e -~ dzai elehee

firt cat.thesjracoDeome s~c~iaer it ~The stylus instrument has previously becii_
com-e gentler. an,5 pe_--s no.sre r3un,3i n Hansen to measure profile of pinted surfaces.4 H~j.
shcr.ctsrfc -. eagn rer be rei-tivelly sen used a Ialvsurf4 instrument (Rank Taylor Honson,

-unatfeoted by painting. Leicester) to measure a number of substrates and sur-
face coatings. These measurements showed that identi-
fiable differences in roughness could be detected with -

the stylus instrument for high gloss, semi-gloss, and flat
INTRCJCTONcoatings. It was also shown possible to detect the de-
it~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~r c fsm neet ohpatcladtcrtzl re to which substrate irregularities are filled, and that

i .subs-trate roughnes.s can have a major influence on the
the coa t ig industryV to estalblish -lie reiationshP be- appearance of the finished surface. Also vertical and
tweer. the mn!crogeonietirv of the couced cemponet-r-1, ad horizontal distances could be measured 'directly from Y,
that of it-, coatig. Such a easuir'ment would -.1tow. the chart recordings knowing the relevant magnifica-

= fo exmpl ~tb exert o wich he oatng cnfomed tions. Thus. it was shown that the stylus instrument is
to i-s u* strate. which i turn ig. shed sonc light oil potentially applicable tolt in the field ofl surface coat-
the physical properties oe ihe coatig and on tile ings..

meIiic Oi lis a~ls~l in this paper Hansen's work is extended to show that
For sonie imo- the meas.ture.-ln! of timc was' in which a the same stylus instrunlent will faithfully record the

paint afffects the -;urrace fini~sh zf- material relied profile of even a soft coatingz. Some measurements of a
m-:fnly on thje use of tjapor,.seCuMnMg' ad. glesz. painted surface made with astylus instrument and their
meiers.- in the fir~t of -.'ose metnds the %'sei:en statistical analysis are described and discussed. All the
sectooned at a verv Qhlifow angle. a. to tile surhu-e anld coating measurements described wvere carried out on a
ti, -ecz' n is poiShed --nd exam n-_d microscoini--ailly shotbiasted steel surfact previously spray-coated with
The result is a proffile withi its veric~al scale exagm.crated A

* DV~tatorotatflLCfnha'~lf" ~a two-pack reinforced edged-type primer paint
by is -mtod ha the- n d dntae -. ph a ~ cteiuus (Metagard G250) and given subsequent brush-applied 2
-ho trcod hin-. : sner "auig coats of a thixotropic anticorrosion marine paint (Silver

T!Wzals~e'r. - C. s ur -Pri-moconl). Metwgard 250 is for usc with shotblasted
rei~cti~= ~ro~rt~s f ~ut'a ~.~ i~ a eza~ve SUrfaCcs. Its dry filmn thickness is about 20 ,tm. It con-detcramalion ofits v re rughnes% biut is incanable tains 14% solids, weighs 0.95 kg/I and surface dries i

01 Ci ,ne stylusn1 individal~ ,j(c .irncer% Iee hse tice mi nut!es. SilIve r Primlocem has arecommended dry-
to rer s'ustrf p; hak fof any .a -be sd Film" thickness of 75-I 91$ jitm. It conlain 9 sldm

stilacs. n te ~~ f~ hVC~j)weigh-s 1. 17 kill and \rface dries in 6-8 h.Te miczo_
stilvaeN.Indhe inerumnia plul'u. Iriven by a hardneas of its dried filmn was measured by us as 50

d Ibo a w S th1,e l;tyh ovecr the C s urf~ice a t a co-.S lilt VPIN; h-rdnless measurements on the primer were not
spee. Th styus is coziccted te a ir.-nsduccr which fesb.

dmil Pm,., j rI m c 1fin r~k i..rxN Of ICiPn r .0m Pi'ni
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STYLUS MEASUREMENT OF MICROGEOMETRY OF COATED SURFACES

-at different drying tines. It was found from the chart
recorder cross traces of the stylus that it does not pro
duce any sign ot surface dainage after the paint his
been allowed its manufacturer's specified drying time.

The possibility of the stylus def'orming the paintedsurface elastically and thus misrepresenting the surIace
geometry was investigated further by pneumatically
raising the stylus from the work surface and then letting
it fall freely and observing the path of the stylus as it
fills towards the surface, comes in contact, and any
subsequent motion after initial contact. This was made
possible with the connection of a storage oscilloscope

L? m to the amplified output of the stylus and by arranging
/ the oscilloscope's triggering along with the storage

facility to produce a photographic record of the reaction
of the painted surface to the contact of the falling
stylus.; From the results (Figure 1) there is no evidence

5 0 m eof significant elastic deflection. It is concluded. on theSr scbasis of these preliminary experiments, that accurate
measurement of the roughness of this particular coating
material is feasible with a stylus instrument.

- I
(_:(a)

Figure l-Oscillogrant of the transducer output as the stylus Mb
falls towards and rrikes contact with the painted surface

SURFACE DAMAGE

Users of stylus instruments are sometimnes con- (c)A- cerned by the marks it occasionally leaves on the test
surfaces, particularly if the material is soft, and the

- possibility that this damage can affect the accuracy of
measurement. In this investigation, preliminary meas-
urements were made to see if a stylus instrument could
be used to measure a painted surface without the stylus (d)
ploughing through the surface geometry and thus mis-
representing the surface.

First a square of side equal to the traverse length of
the stylus (8 mm) was scribed on a glass microscope
slide painted three hours previously with a coat of the
marine paint. A series of equally spaced traverses were (e)

taken within the scribed square parallel to one of its
sides at intervals of time corresponding to paint drying; times from three ho'urs to eight hours. The paint was

then allowed to dry for a total drying time of 24 hr. The
film thickness was measured to be 13 Am.

Another series of parallel and evenly spaced (f) I
traverses were then taken within the scribed squares
and at right-angles to the initial traverses. Thus. the
depth of ploghing of the stylus into the surface could i Ttcm:t0 m
be seen from the relative depth of the troughs on the lcm5O0im
chart recordings corresponding to the crossings of the
initial traverses dt various stages along their length and Figure 2-Profiles reloczted at successr-e intervals of 24 hr --
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- MRd. KING and T.R. THOMAS

Table I-Changes In the Ncrogcomotry of a Shotblasted

Steel Surface

ttt'W TAS CI A Moriin Moan Polk Mean Valloy
Rouioss Roughneas S!"p Curivm~ure Curvature

b) Coating- (mm) (ion) (degdroes) (pin) (JAM)

Printer only 10.4 8.4 9.3 12 -11
Primer +I

overcoat 7.A 5.9 6.4 20 -20
Primer 12

Overcoats 6.2 5.0 5.8 19 -20

(d) (Za i ~niti a & a -i ,'i~ck zne rccd mWt~dt%tpe rnme Se:ia, cwut wa 3 1iino
(d) fwonc anti Lrtsive tnanne paint the surfjct -" if ea ir.dneJ fix24l at IMt atnd (04

V~A~pW ~R.H.

~~ increasing in steps the air pressure to the three locationjI pistons until the distance between the specimen stageI li1agssosdces
()and table as measured with s.i gauesoae staps es

ing. The pressure required to fully rlct h tg
B Ip 'us specimen was thus established and was then used

T Z0ym 0. 5tMM to check the relocation up to seven days.
It, the second ptt of these measurements, chart

Figre -Ft~oate prf~ c~ ~ r~tciste;vl sur'face after traces wvere %tk en of' traverses at 24 hr intervals over aI
coating villh (a) primer. (b-f) successU 'op coats period o' seven days on a section of the primer-coated

specimen surfaces. The specimen and stage were low-
ered after each traverse and removed front the reloca- A

RELOCATIOM' tion table as would be the case in the actual investiga-

There are often situetion!s. particularly in research. tion Prior to each traverse the stage v.ith speci men was
whcae it %-otdd be %Cr%- useful! to look at a particular replaced and relocated with the previously determined
s'ectio-n through asttrfi ce before and after an experi- relocation pressure; the resulting traces %%ere compared

f ~mein, such as an itirve-iion of xwear. to see wvhat and were found to show acceptable relocation of the
changes ~ -heocu etotesface geometry. It is specimen over the period of one week (Figure 2).

clearly desirable th-ti exactly the same section is
traverse ehtime. otherwise the changes observed
could be attibuted -o the dijsplacement of the profile,
and ima". but significant changes might not be observed I
at all. In Len-ral. however, the stylus. wvhich is only 8 99

~ni wdeI not retracez its path exactly unless con-

strainedi to do so. A ji orpovidingti osran s9 i
i L- 99

termied a relocation table." #i
The relocation table is bolted [L the bed of the stylus h

instumen intf secimen tn is located kitiemati- Cumutative So-
cally and held in po-sitiort at three points by three %.I
pneumatical operated pistons. The stage can be low-

ere ad emoed a epcrinjerit oif som~e kind per- 60 -
formeld onl the, specimen secured to thle stage, and the 4
stage with specianen r'eplaced on the table. Relocation
of the %iylus the!, uccur!s to 10ithin the width of the 20-
original nrofiie.- To pcciue tfle posiibility of lateralo-J
displaacement it is nlecesry to raise the stylus both 1
during the return stroke of the pickup and when the A.

2 Iispecimen stage is lowvered and raised. 1Ihe stylus is i
raised by directing' two converging jets of compressed 05 I
air, controlled by an eicctricaiy operated valve, onto 02
the underside of the styluis -arm. 0051

The relocation table u. to the present time had been 0 01 I I t I
used successftillyv OVcra*,nUxrMUn period of 24 hir only. -30 -20 -10 0 10 20 301

- ~~~Due to tedrving ltme of the paint and the several coats ee (r)I

reuitred. it is necess~ary in the present investigation to S

reclyv o n relo~atiotn tc,_haiqiue over a peiiod of tine Figure 4-.C-mulative heighut distributions: svolld line, primer 2
wveek. Tiis Cenha1tICcd prfforniarcc .%as athieved by onty, brokenone~i, one top cont, cnained itne, two lop coats
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STYLUS MEASUFACMUNT OF MiICROGEOMETRY Or- COATED sURFACE S

COATIUG MEASUREMENTS /

A pi'cc of ii in. thick steel plate approximately 7 in.
square was securely bolted to the top) of- the relocation
specimen stage. -Th relocation housing was itself 0
bolted to the bed of the stylus instrument. The initial

specimen working aurface was coated with a layer of
printer paint to prevent corrosion. The surface was
positioned so that traverses 8 min in length could be

The raised stylus was brought to the start of its
traverse. lowered, and the chart recorder was started. oe
TAhe traversing mechanism was put into gear and a Spectral
traverse was taken. At the end of the traverse the gear- DensityAd
was returned to its starting position. The specimen [c/,l
stlge plus plate could nowv be lowered. removed from 1m1
the rig, and then part of the working surface given an 0of
evenly brtsh-applcd coat of marine paint.

After allowing the paint to dry for 24 hr. the specimen 1I;
stage was replaced and relocated on the relocation ta-
bie. The stylus was lowered and a traverse taken. This
procedure was repeated to produce chart recordings of
profiles off-he initial prime-red surface and of the subse-

-~~ quently applied five coats of the marine paint. Any
chanL'e in the surface profile produced by painting
could then be seen by aigning the traces by their pre- i1010
dominant surface features (Figure 3). The output from Wavelength (pam)
the stylus transducer on passing through the instru-

-=~~~ ment's ampifier circuits cepresents the measured suir- Fgr -oe ~crm em afrFgr
face profile but with its horizontal and vertical scales=2
distorted in relation to the actual surface. Thus. when and recorded on paper tape for computer processing. -
looking at the traces it must be remembered that the For this the sampling rate of the system had to be
vertical magnificatiun is exaggerated relative to the hor- .usati-i icesdt an -aufficiently large

-zna yafco fx0 number of points on the profile for a statistical analysis A
The whole process of takIing traverses and painting to be made possible. The data' logging system in use 3

was repeated on another part of the working surface waaledintsmxum apigmoeado
and this tirac the stylus transducer output was digitized acivtisdsr getraplnrteheamig

per unit length was increased bv decreasing the stylus
speed of traverse1.1To do this tfhe gearbox was switched

e 1111
to neutral and a special gearbox conn-ected to the si"'-us

8.0- aria drive mechanism. Thus the x20 horizointali t.iag-
P I nification settin on the stylus;nstruni-ent for the chairt

7-o- recorder traces was increased to x 1000 to produce the -
increased number of samples required for computer

6-0- analysis. The verticai nasaification was unaltered.
From inspection of Figure 3 it appeared that few

5.0- significant chances took place in the profile after the
second applied coat. On the strength of these obset;a-

4 .0- tions it was decided to take the repeat., triverses, using
of0 the data logging sysNtem. on only tw appied overcoats

Totaf 0 l
Tota 3.0~.*This was though adequate, in the time available, fora

statistical analysis of the painted surface.
2-0-V First, a general-purpose program written In Fortrain

4 IV for an ICI_ 19-051- computer was used to anailyze- the
1.0profile data. Thit; program computecs root-meain-square

-10 ~roughness. cerr-iii-e average rog neEMea n

-40 -0 -2 -10 0 10 20 30 40 1ev curvatures andi their distributions. and profile

Degreesrednsaei-

Figure 5-Stope distributions-. legad as for Figure 4 ~ ih respect tos -ome arbitrar. ecee.Te r t~

___ __ -tr refc.=--e. a---irs



M.J uIdNG and T.R. THOMAS

reinterpr;.ted as heights and a mean line fitted. thus than a certain limiting roughnecss corresponding to
cotrecting for any blight mech.inical misalignment in wavclengths of lesthan abutit 20 jzmn, no matter how
the mneasluiing instrument. Second. it program. again smooth the substiaitc. To test this it -*Lss microscope
written in Fortran IV, v.as used to compute the power slide of neglig;ible iotjhhness %%a:, painted; the rough-
spectral density functions of the data. ness of the painted surface wAa!* measured as 2.0 Aim

CLA. The discr-epancy between verticl an horizontal
J_ dimensions suggests that the larger flakes of failer. if

lying flat. are about 10 times ats lon,- as they are thick.
RESULTS AND DISCUSSION The roughness of painted surfaces can be regarded as

A visual inspection of the ps ofile ch-art reco.-der the sum of three components; one due to the eornposi-
traces (Figure 3) gives a general indication of the sur- tion of the paint, one due to the method o. its applica-
face changes. The traces show, that on the application of tion, and one dte to the i rreg--.Aari ties of the original
the initial coat of paint the roughness of the surface is substrate. The seconid of thusecomponents %,as effec-
substantially decreased vhereas on further applica- tively absent in the present inveAigation; no evidence

tios o pant he urfce ougness does not seem to of anisotropy was f.ound in the s.~rface mneasuremlents,
change any further. TnIs is confirmed by the computed and v-ere any aplication effect ?resent it is unlik.-ly

reulscoete i abeI.thtFiue ould present its actual striking similarity

One useful way kof examing surface changes is to between successive coats. The fina m:nicrogeonietry is
plot the cuanulati'.e height distributions on it normal clearly influerced heav-Ily by th- oricinal substrate

-- probabii scale (Figture 4). This is a scale so distorted roughness. Thie. composition of the paint must also play
taaGaussian height distusbution appears as a straight apart, however, otherwise it is tdifficult to see why

line, ahs slG iivreypoprinlt h power was not removed evenly acros the whole spec-line whse lop -isinvrse5 poporionl t th
roughness. The bhiht distribution of the primered sur- trum of surface wavelengths.
face is quite closely Gaussian except for its topmost
fraction. which is considerably smoother. This is a
characteristic "trainsitional" top~ogaphv: and suggests
that the orig-inal su; 4ce peaks had been !emoved by it is mportant to know how paintint; changes rouigh-
some fisng process. The same surface after one ness. This has benmaue ualitativ Jy in the past. I

- ~ overcoat had been applied is very much smoother but With .1 stylus, instnument, however, quit, native incas-
less closely Gaussian. The ef-ect of a ftrther coat is urements are possible. Interesting results ':ave already
confined to the top I% ofth height. distribution. The been obtained with a stylus instrument c.. a painted
roughiness of the top 0.1% of the surface remains the surface. But does the stylus damage the pa.'t and so
same throu-tout a% shown by the local slopes of the give false readings?
three curves. A poss,,-c!; explanation is that the paint Our measurements were imade on a shotb!astc J steel
flows ofrh getpasadlae hma n surface sprayed %%ih primer and then brush-cujated
touched "islands" of the original surface. with successive layers of marine paint. To exainin

The distribution of slopes aiso changet, gr 5. syu damage. glass vas painted and the surface was

Not far from Gaussian for the primered surfarce, it be- scratched with the stylus at intervals as It dried.
comes mdr.Nedly mnore !entokurtic for the two coated Scratches made af~ter the recomnmetded dryvirn time-
surfaces. i.e., the fraction of smaller slopes is higher wtere imper-ceptible. The stylus was then dropped opto

tha a ausia ditrbution ol rdc.Ti no the surfaice tolulkforeiastic deflection of the paint. but

doubt reflrects the inability of the paint to subtend a very none could be found.
steep angleas itudries. The absk2,-te mean slope in fact Tou ensure: that the same section w .as exatmined before
decreased by 384'Z after tie secood coat, whie the mean and after dr) ing. the testpieee wa niounted on a reloca-
peak radiois cif curvature incr1-xised by 58% (Table 1). tion table, which niade suse that the tcestpiece was re-
Numerical 11va1LS Of Peak and valley radii of curvature placed in exaczjylh same position mdrthe stylus.
are about ite same. poss-zy a- consequence of the The table was modified so that it uwots %%ork for e.week
limiting effect rt.sUiace tension. and the testpiecc-. measured daily. wals relocated per-

When the power spectra of the surfaces are comn- f.ectly.
pared (Figure 6)1 arppears th.At the process of painting Profiles 8 min top-, were meawrred in the middle ot
has reduced the height of irregularitics whose the primer-coated testpieee. Thle testiwce was% re-
horizontal dimensions rangt; .r-thou. 20 jim to.-about moved for each 1crcoat. repla.ed. and imeaaured
2C0 jim. It i , interest ing to ]pceldeon thle mechanism again. This was dkimc for five overcoaits. allowing the

=responsible for the lower limit One possible imiting paint to dry for 24 hr befor .---h ine..Iureinent. The=
factor is the particle size of the Juhminum filler. It wvas experiment %%& iceeaed and this timeihc:Proffleswr
not possible to obtain a distsrib.,ton of particle ies recorded digitalik. A,, no changes z ecoserved visti
from the manutacturer bt the infurmation Is available ally in the Y-irst cxnpcriiment after the %tcond overctt
that 0.7% otfilier oarticles %kill not Pass a 44jam sieve, the re-peat was carriod out for txwo tjvercoats only. TheI
suggesting that a substantial fraction may be as large as results wvere analy ed o% comp~uter.

20 jim. IncTh first overcoa- madth sud 'ace about tvvo-thid -

The inference is that due to the presence of a filler it as rou-h. but thec s,u nd overcv,.t r-.dke itonlyi4
will be imposbic to obtain a pa-inted surfa,.e sanoother sm~oothier. The rut..gh..e..s of the ton Io. Iof the Surface

60 Journal oi Ccatsngs Te-chnologj l
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M did not change, suggesting that paint may not cover the
highest peaks. Slopes and peak radii decreased by 48% Syuand 5876. respectively. --nd there were fewer high SMlu
slopes. probably due to the rheology of the paint. Wave- I n strumet At

- ~~lengths of between 20 Aim and 200 jim were reduced in 1U i~l
height. but the sur~ace was just as rough below 20 Aim, a il'l
dimension corresponding to the size of the larger parti- Zli/ VW-!
dles of filler, This suggests that a smooth surface could l
actually be made rougher by painting, an effect which
we confirmed,- by experiment.
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It PENDIX 4: DETAILS OF THE COMPUTER PROGRAIMS USED IN THE FLOW

ANALYSIS

Two main compute- programs are used to analyse the constant

temperature anemometer flow data. Prior to the analysis a small pro-

gram is used to compute the mean value of the sampled bridge voltages

for each measuring point on a velocity profile. These mean voltage

values are then plotted against the distance z from the work surface.

-The value of voltage equivalent to the free stream velocity and the

approximate value of boundary layer thickness can then be determined

by visual inspection of the plots. These values along with the mean

bridge voltag data and the hot-film calibration are then used in the

subsequent flow analysis.

Program MDOPPA computes the momentum integral parameters from each

set of data making up a boundary layer velocity distribution at distance

x from the flow channel inlet. The local coefficients of frictional

resistance are then manually computed for each set of velocity profiles.

Program MOOPPB computes values of C and C for each

f (2) f(3)

measured velocity distribution.
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